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India has decided to invest in eradicating foot and mouth disease (FMD).  If 
successful, this investment would increase milk production.  In the past, gains in milk 
production from Operation Flood Programs I, II, and III, a growing national milk animal 
population, as well as the eradication of rinderpest have resulted in increases in per capita 
milk production.  In this context, the effects on producers and consumers of declining 
FMD as the result of an FMD control program were investigated.  The objectives set 
forth were to evaluate whether potential benefits from the FMD control program 
outweigh the expenditure on the program, how a delay in the program implementation 
would affect the results, and how the impacts of the program would be distributed among 
producers and consumers. 
A model was developed that simulates fluid milk production and demand in 
India.  This was a dynamic partial equilibrium model with endogenous milk prices and 
production.  Dairy herd dynamics were modeled to obtain milk price and calf crop 
elasticities.  A differential form version of the model was then used to evaluate three 
FMD control scenarios in comparison to a projection of the OECD agricultural outlook 




It was found that a control program for FMD in India results in 8-11% lower milk 
prices.  This benefits consumers but leads to lower revenue for the fluid milk production 
sector.  Consumer surplus increases 4-6% due to lower prices and increased per capita 
milk production resulting from the control program.  Rural consumers have a higher 
change in consumer surplus than urban consumers.  For rural consumers it is 8-11% 
higher while urban consumers see an increase of 3-5% in consumer surplus.  FMD causes 
a 17-30% reduction in income from milk producing animals.  With an FMD control 
program, individual farms are better off as the risk of loss from FMD impacts decreases.  
Owners of crossbred cattle benefit more than owners of buffaloes or indigenous cattle 












CHAPTER 1. INTRODUCTION 
“Why the cow was selected for apotheosis is obvious to me.  The cow was in India the 
best companion.  She was the giver of plenty.  Not only did she give milk but she also 
made agriculture possible.” – K. N. Raj quoting Mahatma Gandhi (Raj 1971) 
 
Fluid milk production has received special attention from Indian government 
initiatives. Through programs begun in the 1970’s and rising cattle populations, India has 
achieved self-sufficiency in its milk production.  Recently, India has decided to invest in 
eradicating foot and mouth disease (FMD).  If successful, this investment would increase 
milk production.  A progressive control pathway through surveillance and vaccination 
has been set forth as the guide for the journey to eradication of FMD.  An economic 
analysis investigating the impacts of the control program is needed to determine the 








Beginning in 1970 per capita milk production began to rise as production growth 
exceeded population growth. That trend coincided with a policy initiative by the 
Government of India (GOI). The GOI implemented Phase I of “Operation Flood” in 1970 
which began the country’s journey to tripling milk production in three decades (FAO 
2011).  Operation Flood Programs I, II and III established a sound cooperative system 
where dairy farmers could more easily and reliably market their products as well as 
breeding programs to increase productivity of milk animals (Gautam et al. 2010).  These 
programs focused on artificial insemination, higher quality feed programs, and extension 
services including veterinary services.  Concurrent with this program was increasing 
national dairy animal numbers.  Output grew nearly 4% per year in the 1980’s (FAO 
2011, Gautam et al. 2010). 
Control of animal diseases has also been a focus of government programs with 
regards to fluid milk production.  These efforts have been successful.  In 2006, India was 
internationally recognized as free from rinderpest by the World Organization for Animal 
Health (OIE) (Parsai 2006).  This was the culmination of a program launched in the 
1990’s in India called the National Project on Rinderpest Eradication (NPRE).  During 
the 1990’s and early 2000’s the Indian government invested 2.86 billion rupees ($43 
million 2015 USD) in the NPRE (DAHD 2015). 
The success of Operation Flood Phases I, II and III as well as the eradication of 
rinderpest through animal disease control measures demonstrates how government 
initiatives can be used to successfully increase per capita milk production and the 




and rinderpest eradication may have been exhausted while increases in demand are 
persistent (Gautum et al. 2010). Rising incomes combined with relatively elastic income 
elasticities for milk demand creates strong conditions for demand growth.  The income 
elasticity for milk and milk products has been estimated at 1.53 for rural households and 
0.94 for urban households (Bhalla et al. 1999).1   The production challenges faced in the 
Indian dairy sector are depicted in the historical path of per capita milk production in 
Figure 1.1.  Per capita production of milk is measured as production divided by 
population. The decreasing per capita production during the 1960’s can be seen followed 
by a rise in subsequent decades.   
 
Figure 1.1 Annual per Capita Production of Milk in India (FAOSTAT, World Bank) 
 
Although tremendous growth in production was achieved, the per capita availability 
of milk in India still remains below other countries.  The per capita availability of milk 
during 2011-2012 in India was 290 grams per day (GOI 2012).  Relative to other 
                                                 
1 Milk and milk product consumption is impacted more by rising incomes than consumption of cereals 


































countries, in 2007 the per capita milk consumption level of India was 81% of the world 
average of 84.9 kg per capita per year of milk (Gerosa and Skoet 2012).  India’s 
consumption of milk was twice that of China but half the level of Brazil and only a third 
of the average level for developed countries.  In spite of milk being the main source of 
animal protein for consumers in India, current levels of milk availability in India are 
below levels of milk availability in other countries in South Asia (Gerosa and Skoet 2012 
using data from FAOSTAT and the UN).  The protein gap is likely greater than the milk 
availability comparison suggests since other countries use meat as well as dairy for 
sources of protein. 
To meet the projected rise in demand for dairy products in India in 2022, India’s dairy 
supply must increase from its 2012 level of 120 million metric tons by 4.1% each year 
(FAO 2009, FAOSTAT 2014).  From 2000 to 2010, annual production increases 
averaged 4.2% and ranged from 1.5% to 7.2% (FAOSTAT 2014).  The National Dairy 
Development Board in India (NDDB) estimates the growth required to be 4% per year 
(NDP 2014).  The Organization for Economic Cooperation and Development (OECD) 
estimates that milk production will grow 3.4% on average per year between 2015 and 
2024 (OECD 2015). 
In the context of increasing milk production, the Government of India has also 
focused on diminishing the impact of animal diseases on milk production.  Foot and 
mouth disease (FMD) is widespread in India.  It is estimated that 25% of bovines are 
infected with the disease in India (Saxena 1994, FAO/OIE 2012).  With the global 
eradication of rinderpest in the last decade, FMD has taken its place as the primary cattle 




FMD is a highly contagious disease that severely impacts cloven-footed animals like 
cattle resulting in painful lesions that affect the mouth and hooves of the animals.  Due to 
its highly contagious nature, the limited capability to permanently protect animals against 
the disease and its devastating effect on animal productivity, it has often caused news 
worthy events around the world. 
As a result, India has adopted a progressive control program (PCP) for FMD to 
control the disease by 2025 using surveillance and vaccination.  The details of this 
program are discussed in Chapter 2.  The government of India has invested to achieve 
this main goal of eliminating FMD from its bovine population. In the expenditure budget 
for 2002-2007, the tenth five-year plan allocated 100 million rupees ($1.5 million (USD)) 
to the Project Directorate for Foot and Mouth Disease (PDFMD).  The PDFMD is the 
area of the government tasked with overseeing the control and surveillance of the disease 
in India.  The 12th five-year plan of India increased the investment in this program to 2.1 
billion rupees during 2013-2017 (PDFMD).  This amounts to 420 million rupees ($6.3 
million (USD)) per year during this period. 
Economic value from the stages of control of FMD is unknown.  Recently the need 
for “impact assessment, value chain analyses and cost-benefit analyses of intervention” 
regarding the stages of a PCP-FMD program have been highlighted (Jamal and Belsham 
2013).  This statement was made regarding the global need for these analyses but it is 






The control of FMD in India is the top animal disease priority for India, so the 
government has invested towards eradication of the disease.  States currently 
participating in the control program show a rate of FMD decline that is too slow to 
achieve the goal of FMD free with vaccination status by 2025.  This is discussed in more 
detail in Chapter 6.  Consequently, there may be delays as the PCP-FMD in India is 
implemented, and it is unclear whether adequate investment will be made in the event 
that there is a deviation in the plan.  It is important to understand the value created in the 
eradication of the disease for India at the different stages of the control program.  In this 
context, three questions can be evaluated:  
1.  Do the potential benefits of the control program to consumers and producers 
justify the investment in government programs to eradicate FMD in India? 
2. What is the value of partial success if the 2018 or 2025 goals are not met? Do the 
benefits of partial success justify investment in them? 
3. How does the proposed control program of India impact producers?  How are 
indigenous cattle owners impacted differently than crossbred and buffalo owners? 
The overall objective of this thesis is to evaluate the economic impact of foot and 
mouth disease control in India.  The economic impact of the disease is evaluated using a 
model of the Indian dairy sector that determines changes in milk price, the quantities of 
milk produced and consumed, and economic welfare over time.  Each stage of the control 
program is introduced into the Indian dairy sector model via shocks to milk yield and 
herd population numbers.  The FMD impacts modeled are reduced yields, mortality, 




dynamics condition the intertemporal effects of decreasing rates of FMD.  Thus, for each 
stage of the control program, the model provides a comparison of the disease reduction 
path, trajectory of prices and quantities, and measures of economic welfare for milk 
producers and milk consumers to a projection of the current state of fluid milk production.  
Since there is a productivity effect as well as a price impact, these effects are decomposed 
and discussed.  For consumers, the results are decomposed for rural and urban consumers.  
The total differences in outcomes for each stage of production will be compared to the 
baseline milk production in India with the presence of FMD. 
The next chapter discusses the state of the dairy sector and FMD control in India.  
Chapter 3 discusses relevant herd dynamics and epidemiological literature.  The 
conceptual model in Chapter 4 brings the theory and details of the Indian dairy sector 
together into a consistent framework.  The 5th chapter discusses the empirical model 
which sets forth the model derived from observations of the Indian fluid milk market and 
milking herd.  Chapter 6 discusses the results, impacts on producers and consumers and 
different FMD prevalence decline scenarios.  Three different shocks are introduced to the 
model in order to capture a range of possible control eradication paths.  These are a slow, 
intermediate and faster FMD eradication path.  This chapter also includes a sensitivity 
analysis that varies price effects on the adult milk animal herd size as well as alternative 
values for calf crop elasticities.  The final chapter revisits the objectives, summarizes the 




CHAPTER 2. THE FLUID MILK SECTOR OF INDIA 
The fluid milk sector in India is unusual.  Due to unique characteristics, a thorough 
understanding of the structure of the sector is required to appropriately determine flows 
of supply and use.  This chapter seeks to paint the picture of the pre-harvest fluid milk 
sector of India.  Peculiarities of the Indian dairy sector will be discussed including the 
large buffalo contribution to fluid milk production and the importance of the informal 
sector in the marketing of fresh milk.  The discussion will commence with a description 
of the national dairy herd and milk production.  Four types of production systems present 
in India will be discussed next. The section ends with a description of Indian fluid milk 
prices and the impact of trade on milk use.  Along the way, relevant time series data and 
FMD related information will be identified. 
 
2.1 National Dairy Herd and Milk Production Data 
Historically, India has always had a large population of cattle and buffalo but this 
did not coincide with vast supplies of fluid milk. Since the 1960’s, milk production in 
India has undergone significant increases in production.  The nation has become the 
country with the most milk production in the world.  The following section will examine 




The following charts illustrate the overall composition of the dairy herd by breed, 
sex, and use.  The proportions of each type of bovine are represented by the magnitude of 
the area of the shape pertaining to that breed, use, etc.  The total national herd of cattle 
and buffalos is represented by the total area of the box in Figure 2.1.  The figure includes 
crossbred cattle which are breeds of cattle that have been obtained by crossing indigenous 
cattle with exotic cattle (Taneja 1999).  This is discussed in more detail in the next 
section. 
 
Figure 2.1 Composition of Total National Bovine Herd of India by Sex (DAHF 2012) 
 
Females are 72% of total population of bovine animals (DAHF 2012). This is illustrated 




is black.  In 1951, the female proportion of the bovine population in India was 38% 
(Gupta 1996).  This demonstrates the effect of greater mechanization on farms which 
displaced the male bovines used for plowing.  In 2012, buffalos, crossbred cattle and 
indigenous cattle are 50%, 13% and 36% of the total bovine population respectively 
(FAOSTAT 2014).  In 1951, the buffalo population was 22% and the indigenous cattle 
composed the rest of the herd with crossbred cattle contributing a small share that was 
not reported (DAHF 2010). 
 
Figure 2.2 Composition of National Female Bovine Herd of India (DAHF 2012) 
 
The animals in milk are 37% of the total population in 2012 (DAHF 2012).  This is 
illustrated in Figure 2.2 where the proportion of females in milk is shown in black and 
contrasted with the proportion of females not in milk, which is in gray. The total area of 




population was in milk (Gupta 1996).  In 2012, crossbred, buffalo and indigenous 
females in milk were 7%, 17%, and 14% of the total female bovine population, 
respectively (FAOSTAT 2014). 
Over time, this composition of the dairy herd has gradually changed to include more 
crossbred cattle.  Also, the yield and milk production has grown relative to the dairy 
animal population increases.  The following will discuss these points and the relevant 
historical data. 
There are numerous sources of data regarding milk production in India, but these 
data sources do not always align.  Five organizations reporting time series data regarding 
the bovine population in India are compared. These efforts are FAOSTAT, Government 
of India (GOI), USDA’s Foreign Agricultural Service (FAS) via the Production Supply 
and Distribution (PS&D) report, IFCN, and OECD.  To start the comparison of the 
datasets, a clear connection can be made between the crossbred and indigenous female 
cattle number reported by the GOI Livestock Census 2012 and FAOSTAT.  The 
Livestock Census reports the crossbred and indigenous in milk female cattle population 
to be 44 million in 2012 and FAOSTAT reports this same year the cow population was 
45 million (DAHF 2012, FAOSTAT 2014).  The PS&D report from FAS indicates that 
the cows in milk in 2011 was 44.9 million which is the same number that the FAO 
reports as the number of cow milk animals in 2011 (FAS 2014, FAOSTAT 2014).  Thus, 
FAOSTAT, GOI, and FAS appear to be numerically aligned even if the terminology 
changes.   
The OECD reports the number of milk animals in 2012 as 117.7 million 




production and the yield of cows and female buffaloes obtained from the FAO 
(Ordelheide 2014).  The IFCN reports a similar quantity for the number of cows and 
buffaloes in 2012 at 118.8 million (Hemme 2013).  However, it is not apparent how these 
values reported by IFCN and OECD compare to the data reported by the FAO and GOI.  
According to the 2012 Livestock Census of India, the total number of female cattle and 
buffalo was 215.6 million and the number of buffaloes and cows in milk was 80.5 million 
(DAHF 2012).  The OECD number can be thought of as animal numbers that are 
equivalent to the reported milk production given national yields (Ordelheide 2014).  
However, this method appears somewhat dubious given the range of yields reported for 
the major three categories of milk producing animals: indigenous cows, crossbred cows, 
and buffaloes.  Clearly, there is some discrepancy around the herd size of milk producing 
animals in India.  Since FAOSTAT has the most comprehensive data, both over time and 
categorically, it will be used to illustrate historical trends in herd populations.  However, 
the FAOSTAT numbers are only as accurate as the government reported data that is used 
to create the series. The following chart shows the time-series data from FAOSTAT of 





Figure 2.3 Historical Milk Animal Herd in India (FAOSTAT 2014) 
 
Of particular note, the relative share of cows and buffaloes has remained relatively 
unchanged over time.  Capturing the herd dynamics of the milk animal population is an 
important aspect of research on milk production in India.  Over this time period, the 
crossbred share of milk animals has increased (DAHF 2010).  The average growth in the 
cow milk animal herd over the last 10 years of data was 2.72% (FAOSTAT 2014).  The 
average growth in the buffalo milk animal herd over this same period was 2.26% 
(FAOSTAT 2014). Although the average increases in the herd population are similar, the 
cow population was 62% of the national bovine herd in 1961 versus 54% in 2012 
indicating an increase in the buffalo share of the population. 































Figure 2.4 Historical Milk Animal Yield in India (FAOSTAT 2014) 
 
The average annual growth rate in cow and buffalo yields over the last ten years of data 
was 1.89% and 1.28% respectively (FAOSTAT 2014).  The buffalo yields are greater 
than the cow yields for all years.  Since 2010, the cow yields have declined while the 
buffalo yields have continued to rise.  However, over the entire period cow yields have 
increased faster than the increase in buffalo yields.  This combined with the lower cow 
population leads to a stable share of cow milk as a proportion of the total milk production 
(Figure 2.5). 
































Figure 2.5 Historical Annual Milk Production in India (FAOSTAT 2014) 
 
According to this data from FAOSTAT, 96% of milk in India is produced by cows and 
buffalo (FAOSTAT 2014).  In 2012, 52.7% of milk was produced by buffalo while 43.3% 
was produced by cows. For 2011-2012, the Government of India split out milk 
production further, indicating that buffalo were responsible for 51.1% of the total milk 
produced (DAHF 2013).  Crossbred cows contributed 24.3%, indigenous cows were 
20.9%, and goats accounted for the rest (DAHF 2013). Buffalo milk production increased 
3.57% on average annually each year for the last ten years of data (FAOSTAT 2014).  
Cow milk production increased at 4.61%.  As with the yield and milk animal population 
charts, national milk production has flattened since 2010.  This suggests a potential need 



































2.2 Production Systems 
Although there are other ways to classify the varieties of production systems in 
India (see Hemme et al. 2003, Delgado et al. 2003, Saha et al. 2004, Garcia et al. 2006), 
the following will consider only four types of milk production: traditional cow, 
traditional buffalo, commercial cow, and commercial buffalo.  These four categories are 
chosen to best represent the biological and economic differences between different 
approaches to fluid milk production in India.  The need to delineate between cow and 
buffalo milk production is apparent due to key production differences such as different 
replacement rates, lactation yields and milk fat content.   
Traditional milk production is defined within this investigation to producers 
whose production practices are oriented around their own consumption of milk.  This 
production occurs in a household utility maximizing context where subsistence quantities 
of milk are consumed preceding the sale of excess milk in an informal/traditional market.  
The informal market refers to direct sales between consumer and producer that is often 
unprocessed and unpasteurized.  Traditional production represents the majority of farms 
producing milk in India which own between one and four milk animals (Gupta et al. 
1996, Jesse et al. 2006, Hemme 2013).  According to FAO, 70% of households in rural 
areas own between two and four milk animals (Punjabi 2009). 
A small minority of farms own more than four milk animals. These production 
systems are called “commercial” even if the herd is less than 10 animals (Saha et al. 
2004).  One could imagine these quasi-commercial farms on the path to true commercial 
milk production where the producer is adding progressively more animals to his/her herd 




However, as long as the milk consumed is a small proportion of the milk produced, this 
production system would be likely to have objectives that are aligned with profit 
maximizing commercial production behavior.  Consequently, commercial in this section 
will be used to refer to any producer owning more than four milk producing animals who 
does not determine his/her milk production and sales based on household consumption of 
milk.  Although the marketing situation is complex, the commercial production systems 
are oriented to fulfill consumption demand in the formal market (See Vandeplas 2013 for 
more details about the marketing behavior of dairy farmers in India).  These producers 
will more commonly sell product to cooperatives and the private sector but may also sell 
to agents in the informal sector which is characterized by direct consumer sales. 
Apart from variances in economic objectives, biological differences also impact 
production systems in India.  Figure 2.6 illustrates the biological differences that can 
arise from using different breeds of animals common in India. The three lactation curves 
represented in the graph show the typical performance of the three broad categories of 
milk animals in India (Jingar et al. 2014, Dematawewa and Dekkars 2014, Dongre et al. 
2012).  Although the lactation length varies between 200 and 350 days, the graph below 
has projected the lactation curve to the same length for all cattle (Table 2.1). Also the 
time between calves varies and animals do not lactate every year. The graph below 





Figure 2.6 Estimated Lactation Curves in India 
 
The crossbred line is Karan-Fries crossbred cattle from animals that did not have 
mastitis.2  Although not exclusively held in commercial systems, crossbred cattle can be 
used to represent operations with larger herd sizes.  The crossbred yield curve was 
estimated from a study using 11,728 observations of daily milk yield during 2000-2011 
(Jingar et al. 2014).  The total lactation yield of this curve is 4,770 kg.  This is the sum of 
the daily yields over 320 days of lactation.  The lactation yield of crossbred cattle was 
estimated previously in 1999 to be 3,700 kg (Falvey and Chantalakhana 1999).  The more 
recent data shown in the chart is has a greater total lactation yield than the earlier data 
from 1999.  This is possibly due to improved genetics over time and selection bias due to 
                                                 
2 Although mastitis is a ubiquitous disease in cattle, the purpose of the Jingar et al. study was to determine 
the lactation yield difference for crossbred cattle with mastitis versus without mastitis.  Additional data 
from animals in the same herd with mastitis was collected and reported.  Mastitis is an infection in the 
udder that decreases daily milk yield.  Animals that have had foot and mouth disease frequently develop 





























mastitis free animals in the recent estimate which would both contribute to a larger total 
lactation yield.  Buffalo can be held in large herds or on small herd operations (Hemme et 
al. 2003, Saha et al. 2004, Garcia et al. 2006).  The buffalo yield data series is from the 
Murrah buffalo breed and has a total lactation yield of 1,531 kg of energy corrected milk 
(ECM) estimated from a different study using 5,561 observations (Dematawewa and 
Dekkers 2014).  The ECM calculation was used to adjust the buffalo milk which has a 
higher fat content than cow milk to an amount which could be directly compared to cow 
milk.  This is on the low end of the 1,276-2,272 kg range for buffalo indicated by Falvey 
and Chantalakhana (Falvey and Chantalakhana 1999).  Common indigenous cattle breeds 
are Tharparkar and Sahiwal.  These animals have lower yields but are hardier.  The 
indigenous cattle yield curve is from a study using 12,859 observations of daily milk 
yield of Sahiwal cows over 49 years (Dongre et al. 2012).  The total lactation yield of 
2,024 kg is obtained by estimating the mixed log function of a lactation curve.  This is in 
the middle of the 972-2,523 kg range suggested by Falvey and Chantalakhana for 
Sahiwal cows (Falvey and Chantalakhana 1999). 
 Another perspective on the ranges of milk produced per lactation of a dairy 
animal is illustrated in Table 2.1.  This data illustrates the performance ranges that can 
occur within bovine types.  This data is difficult to obtain in a collected format where the 
reported values result from comparable methods.  Also, more recent values reported for 
various data points lie close to these reported ranges from 1996 (See Jingar et al. 2014, 
Dematawewa and Dekkars 2014, Dongre et al. 2012, Falvey and Chantalakhana 1999).  




of the wide range of performance observed today in production systems in India with a 
rising upper range for lactation yields.  
Table 2.1 Production and Reproduction Characteristics of Milk Animals in India 










Indigenous Cow 39.9-59.0 14.7-19.7    214.7-1,931.0 212.0-351.0 
Crossbred Cow 24.9-33.6 11.7-17.7 1,151.0-3,195.5 267.0-340.0 
Buffalo 41.3-55.2 14.1-16.3    541.0-1,855.2 270.0-350.1 
Source: Gupta et al. 1996, pages 280-281. 
From both Figure 2.6 and Table 2.1, it can be seen that crossbred cows tend to have the 
best performance in milk production and reproduction.  Apart from the age at first 
calving, buffalo tend to be intermediate followed by indigenous cows.  However, this 
performance does not necessarily drive the share of national milk production.  Table 2.2 
illustrates this point by showing the share of milk originating from each type of breed. 
These shares are calculated by multiplying the 2011 buffalo and cow shares of fluid milk 
production from FAOSTAT by the fluid milk flows to different markets from Staal et al. 
(FAOSTAT 2014, Staal et al. 2008b).  Buffalo account for a greater share of milk 
production than cow.  This high proportion of buffalo milk is driven by greater yields 
versus indigenous cows and larger numbers than crossbred cows. 
Table 2.2 Production System Share of Total Milk Produced 
 
Traditional Commercial 
Cow (% of total) 40.9 4.2 
Buffalo (% of total) 49.8 5.1 




The proportions in Table 2.2 assume milk from cooperatives and the private sector is 
from “commercial” production systems.  Traditional production accounts for milk 
consumed on the farm and milk that is used by the traditional/informal sector.  Since 
neither data source categorized production systems into traditional or commercial 
categories, this disaggregation assumes that shares of cattle versus buffalo in 
traditional/informal systems are approximately the same as the national average.  This 
assumption seems plausible since production systems frequently includes both cattle and 
buffalo on the same farm (see Hemme et al. 2003, Saha et al. 2004, and Garcia et al. 
2006).  Also, this disaggregation assumes that yields are homogenous within bovine types 
despite differences in production systems and management of the animals. 
Although a common practice, the selling of manure and draft power is a relatively 
small portion of revenue in any typical Indian milk production system compared to 
revenue from milk sales.  Farms in Odisha were observed to have 5-23% of revenue 
derived from the sale of items other than milk and cattle (Saha et al. 2004).  In Andhra 
Pradesh and Haryana other revenue from milk animals apart from milk and cattle was 
less than 13% of total revenue (Hemme et al. 2003, Garcia et al. 2006).  The value of the 
livestock sector in India is split among milk (67%), meat (16%), and dung (10%) 
indicating that milk contributes the majority of the revenue in a milk production system 
(Gupta et al. 1996).  It is also reported that milk is 93.3% of the cash revenue of livestock 
production (Gupta et al. 1996).  Thus, the following text will focus on revenues derived 
from milk production and any culling of milk animals, particularly buffalo. 
 Before discussing the details of the four production systems, it is necessary to 




subsets that characterize Indian fluid milk production on an individual farm.  Many farms 
own both cattle and buffalo for milking purposes but these animals reach maturity at 
different times and have different lactation periods.3 
Cow Traditional Production 
Although there are many variants to traditional milk production using cows in 
India, this section will define a representative cow traditional production system as 
having between 1and 4 nondescript/indigenous cows4.  The animals are grazed in forests 
or marginal lands and fed numerous agricultural byproducts including rice byproducts 
(Saha et al. 2004). They are used mainly for milk production, draft power, and manure 
(Saha et al. 2004, Garcia et al. 2006). There are many indigenous breeds of cattle in 
India.  The most common breeds are the Sahiwal, Red Sindhi and Tharparkar (Taneja 
1999).  These animals take 37-50 months to reach first lactation (Taneja 1999).  Garcia et 
al. report similar age of maturity at 36 months for dairy farms using nondescript cows in 
Andhra Pradesh (Garcia et al. 2006).  Another source, the National Dairy Research 
Institute in Karnal, India reports 35.4 and 42.4 months for the age at first calving for 
Sahiwal and Tharparkar indigenous breeds respectively (NDRI 2014).  Table 2.1 lists the 
relevant data for indigenous cattle as reported by Gupta et al. and shows the large 
variation in yield per lactation for indigenous Indian cows (Gupta et al. 1996).  The 
average yield of an indigenous cow in 2012 was 2.27 kg per day (DAHF 2013).  Of this 
yield, the producer’s family consumes between 318 to 445 ml milk per day (Carter 2011).  
                                                 
3 At a national level, data does not exist to disaggregate into commercial and traditional production 
systems.  Thus, the differences between bovine types are chosen for the disaggregation of the sector. 
4 Although the words indigenous and nondescript are used interchangeably, the usage in the text has 




This is 14-20% of the daily yield per cow5.  They then sell surplus milk to the informal 
sector including direct sales to rural or urban consumers, small processing operations 
(such as confectioners, a.k.a. halwaiis), or the traditional dudhia (milkman) 86% of the 
time and sell to the private sector 14% of the time (Saha et al. 2004, Staal et al. 2008b, 
Gupta et al. 1996).  This ignores milk that is wasted or fed to animals.  The culling rate in 
this system ranges from 10-25% of cows per year (Saha et al. 2004, Hemme et al. 2003).  
Ignoring the value of family labor, traditional cow dairy systems produce income 
exceeding costs that is between $5-10 per 100 kg energy corrected milk (ECM) (Garcia et 
al. 2006, Saha et al. 2004).  In 2012, the total number of indigenous cattle was 150 
million head (DAHF 2012).   Fifty nine percent of these were female and 33% of the 
females were in milk (DAHF 2012).  The milk from these animals was 25 million MT in 
2010 (DAHF 2010). 
Buffalo Traditional Production 
As with cow traditional milk production, there are many variants to a buffalo 
traditional system.  A representative buffalo traditional farm has between 1 and 4 
buffaloes.  These producers tend to keep the buffalo in stalls and feed crop residues or 
graze on public land (Hemme et al. 2003, Saha et al. 2004, Garcia et al. 2006).  Similar to 
the cow traditional production system, these animals provide value through draft power 
and manure as well as milk.  Murrah buffalo are by far the most widespread breed of 
buffalo in the world and are native to India (Borghese 2005).  Common breeds of buffalo 
in India are Murrah, Nili-Ravi, Surti, and Meshana (Taneja 1999).  First lactation is 
                                                 
5 Saha et al. report 71% of milk produced was sold by a producer owning two indigenous cows in Odisha, a 
key milk deficient region (Saha et al. 2004).  This indicates that regional and herd size variability does not 





reached at 44-50 months.  In Andhra Pradesh, Garcia reports the same age range of first 
lactation for buffalo on traditional farms at 44-50 months (Garcia et al. 2006).  National 
Development and Research Institutes (NDRI) report 44.1 months for Murrah buffalo 
(NDRI 2014).  Table 2.1 indicates a yield per lactation range for buffalo which is greater 
and narrower than the range for indigenous cattle (Gupta et al. 1996).  The average yield 
of a buffalo in 2012 was 4.71 kg per day (DAHF 2013).  However, this yield rate is an 
average across all types of buffalo milk production systems.  Saha et al. indicate that a 2 
buffalo production system yields 466 kg ECM per lactation per animal while production 
systems with 6 and 9 buffaloes averaged 785 kg ECM per lactation per animal (Saha et 
al. 2004).  Applying this difference in yield per lactation to the shares of buffalo in herds 
of less than five animals provides a yield of 4.31 kg ECM per day for buffalo (Hemme 
2013).  Using the previously mentioned daily family consumption of milk, the traditional 
producer is consuming 10.7-15.0% of the daily milk produced (Carter 2011).  These 
producers sell the milk production to the same customers as the traditional producers 
using cows.  A small share is sent to the formal sector.  The culling rate for this 
production system is between 10-33% per year (Saha et al. 2004, Hemme et al. 2003).  
Buffalo production systems with small herds are reported to have returns above costs 
excluding labor at $5-10 per 100 kg ECM (Garcia et al. 2006, Saha et al. 2004).  In 2012, 
the total number of buffalos was 109 million of which 85% were female (DAHF 2012).  
Of the females, 39% were in milk and 80% of these are on farms with less than 4 milk 




Cow Commercial Production 
Although crossbred cattle can be found on production systems with less than 4 
milk animals in the herd, these animals have the greatest yield and are frequently in 
operations with larger herd sizes.  Large herds of cross bred cattle are kept on feedlot 
farms and free stall barns (Hemme 2013).  Crossbred cattle have advantages over 
purebred exotic cattle by being more tolerant of diseases and challenging climate 
conditions endemic to India (Taneja 1999).  Compared to indigenous cattle, crossbred 
animals tend to reach calving age faster, have shorter dry periods and provide up to 3 
times greater milk yield per lactation (Taneja 1999).  However, they are more susceptible 
to disease and difficult climate conditions in India than indigenous cattle.  Holstein-
Friesen and Jersey are common exotic breeds that are used in crosses to generate better 
milk yield and reproduction efficiency respectively (Taneja 1999).  The indigenous 
breeds used in these crosses include the Sahiwal, Red Sindhi and Tharparkar (Taneja 
1999).  Age at first calving was 34.6 and 34.2 months for Karan Swiss and Karan Fries 
crossbred cows respectively (NDRI 2014). Garcia et al report an average age of first 
calving at 30 months for production system using 13 crossbred cattle (Garcia et al. 2006).  
The national yield of a crossbred cows in 2012 was 6.97 kg per day (DAHF 2013). 
Assuming that at least two of the five or more cows are in milk, the 445 ml of milk 
consumed daily for families with large wealth is at most 3.3% of the daily milk 
production of cows in milk for this production system (Carter 2011). From this low 
percentage, it would appear that household consumption of milk does not factor largely 




These production systems most closely resemble Western management where 
animals are stall fed and the operation has higher replacement rates.  Concentrates are 
commonly in feeds (See Saha et al. 2004, Garcia et al. 2004).  Culling rate for a farm 
using 18 crossbred cows was 16% per year (Hemme et al. 2003).  Another farm with 6 
crossbred cows had a culling rate of 30% per year (Saha et al. 2004).  The milk from this 
production system is contracted out to local processors directly or sold to the cooperative 
system or both (Saha et al. 2004, Hemme et al. 2003, Garcia et al. 2006). The profit 
margin using net cash farm income of these farms ranges from 38-41% (Saha et al. 2004, 
Hemme et al. 2003, Garcia et al. 2006).  Expenses used in the profit margin calculation 
were cash expenses such as direct costs and indirect costs (depreciation and interest 
payments) and excluded opportunity costs such as the value of alternative uses of labor, 
land and capital. Milk is 80% of the revenue while the sale of culled animals contributes 
18% of the revenue (Datta 2014). Sales of hides and manure make up the rest of the 
revenue. In 2012 the total number of crossbred cattle was 39.7 million of which 85% 
were female and 42% of the females were in milk (DAHF 2012).  The number of 
crossbred cows in milk is 33% of the total cows in milk in 2012 (DAHF 2012). 
Buffalo Commercial Production 
Commercial buffalo production systems have similar features to the traditional 
buffalo production system except household consumption is not an influential part of the 
optimization problem facing the household.  This category includes milk production 
systems that have more than 4 animals.  These animals are kept in stalls or grazed on 
marginal land (Saha et al. 2004).  Concentrates are used to supplement the part grazing 




with 10 Murrah buffalo was reported at 42 months which is a little better than the 44 
months stated by NDRI (Garcia et al. 2006, NDRI 2014).  The national yield rate for 
buffalo is 4.71 kg per day (DAHF 2013).  Using the previously described yield difference 
between buffalo production systems and the share of the national herd that is in herds of 
more than five animals, the yield of commercial buffalo systems comes to 5.76 kg ECM 
per day per animal (Saha et al. 2004, Hemme 2013).  The 445 ml of consumption for a 
household with large asset holdings is at most 5.5% of the daily production of this farm 
type assuming that at least two animals are in milk. The culling rate from farms with 
greater than four buffaloes was reported to be 10-52% per year (Saha et al. 2004, Hemme 
et al. 2003).  The milk from these farms is sold directly to consumers, cooperatives or 
processors (Saha et al. 2004, Hemme et al. 2003, Garcia et al. 2006).  Selling directly to 
consumers is more likely to occur in the unorganized sector.  The profit margin ranged 
from 15-22% to (Hemme et al. 2003, Garcia et al. 2006).  This profit margin excludes the 
opportunity cost of labor.  The returns for this production system are $20 per 100 kg 
ECM (Garcia et al. 2006).  In 2012, the total number of female buffaloes in milk was 
36.6 million (DAHF 2012). Based on the national farm structure, 20% were on farms 
with five or more milk animals (Hemme 2013). 
Although there is detailed information regarding the four different types of 
production systems, national data does not disaggregate between commercial and 
traditional production systems.  Thus it was not possible to disaggregate data on the 
national bovine population into traditional and commercial systems.  It was however 
possible to separate by bovine type. Furthermore, FMD impacts vary by bovine type.  




the typical production system for each bovine type.  Thus the research will be 
investigating three systems, indigenous, crossbred, and buffalo milk production systems.  
The systems using indigenous cattle can be thought of as having similarities with 
traditional systems and the crossbred using farms may have similarities with commercial 
systems. 
 
2.3 Demand and Use 
Consumption of dairy products in India is characterized by a large 
informal/unorganized sector.  This is the portion of the fluid milk sector in which the 
government, large private processors, and cooperatives have a small influence.  This 
section will discuss the importance of the informal sector relative to other participants 
that handle fluid milk in India.  It will also discuss the income elasticity of demand for 
milk products. 
The fluid milk produced is distributed between on-farm consumption, the 
unorganized sector, cooperatives and large private processors.  On-farm consumption 
accounts for 40% of the milk produced while 42% goes to the unorganized sector 
(Mustard and Mani 2013).  Cooperatives and private processors receive 9.6% and 8.4% 
respectively (Mustard and Mani 2013).  This is similar to the structure illustrated in 
Figure 2.7, where less than 20% of milk production enters the formal sector (Jesse et al. 






Figure 2.7 Structure of Fluid Milk Supply and Derived Demand for India (Jesse et al. 
2006) 
 
Although the data represented in the chart differs from the proportion of on-farm 
consumption suggested by Mustard and Mani, it confirms the small proportion of fluid 
milk which enters the formal sector.  The differences are likely due to a 7 year lapse 
between the estimates as well as uncertainty in Indian data.   Compared to the Mustard 
and Mani data, the data represented in the figure is more complete, including the 
breakdown by products.  This breakdown shows that 61.7% of milk produced was 
consumed as fluid milk including milk consumed on the farm (Jesse et al. 2006).  From 
another source, in 1995, 45.7% of the milk was consumed as fluid milk, 27.5% was used 
for ghee, 6.5% was used for butter, 6.5% was used for khoa and 6.9% was used for curd 


























Regarding consumer preferences, buffalo milk contains twice as much fat content as 
cow milk, which is a desirable source of energy that garners a premium price over cow 
milk. Consumers use milk to create homemade ghee, butter, and yogurts. There is some 
variation in preferences between regions of the country due to religious and cultural 
differences, but purchasing decisions based on the fat content and protein composition of 
the milk or due to availability is more widespread and supersedes the regional differences.  
Consumer preferences lead to a small religious and health-conscious segment of the 
population preferring cow milk over buffalo milk, with a much larger population 
purchasing whichever is available. However, concerning other dairy products such as 
ghee and milk powder, consumers do not differentiate between cow and buffalo products. 
Processors use buffalo milk and cow milk interchangeably taking the different fat content 
into account.  The two distinct biological systems that produce fluid milk contribute to 
one processing sector that uses buffalo milk and cow milk as substitutes.   
There are three often discussed forces driving the persistent rise in milk consumption 
in India.  These are increasing incomes, population growth, and “lacto-vegetarian” 
consumer preferences (Dong 2005).  These three forces have together provided large 
increases in milk consumption over time.  This trend can be seen in the following chart of 





Figure 2.8 Historical Trend of Fluid Milk Consumption (FAOSTAT 2014) 
 
Over the last decade of available data, the supply of milk used for human consumption in 
India has grown on average 4.06% per year (FAOSTAT 2014).  In 2011, this 
consumption was 98 MMT (FAOSTAT 2014). This was 79.4% of the 124 MMT 
regarded as the total “domestic supply quantity.”  The majority of the rest of the milk was 
categorized as fed to livestock (16.8%) while 3.6% of the total supply was accounted for 
by wastage (FAOSTAT 2014). 
While population growth at an average 2% per year plays a key role in the growth in 
national milk consumption, income growth has also contributed significantly (World 
Bank 2015).  In 1986, households in Madhya Pradesh, a significant dairy producing state, 
spent 26% of their income on milk in 1986 (Candler and Kumar 1998).  Since this survey, 
much has changed in India regarding milk prices and incomes.  During 2011-2012, 


























Elasticity calculations combined with demand theory further illustrate robust 
tailwinds for milk consumption from income effects.  By differentiating the budget 
constraint, Engel aggregation shows that an increase in income will be distributed 
between goods to the degree that they are more or less elastic or inelastic.  The “luxury” 
goods with elastic income elasticities would take a greater proportion of the income 
increase, based on the degree of elasticity.  In the case of India, the dairy products 
elasticity indicates that these goods take this “luxury” good status.   Average national 
income elasticity of demand for milk was 1.3 in 1995 (Gupta 1996). This was estimated 
in 2011 to be 1.64 across all income groups based on a QUAIDS model (Kumar et al. 
2011).  The price elasticity of demand for dairy products was -1.077 nationally in 1992 
(Gupta 1996).  Urban consumers were price inelastic while rural consumers were price 
elastic, resulting in a slightly elastic national average.  Kumar et al. estimate the 
uncompensated own price elasticity at -1.035 in 2011for all income groups based on a 
QUAIDS model (Kumar et al. 2011).  Over this twenty year period, independent price 
elasticity estimates of milk products declined in absolute value, becoming less elastic. 
Not only has the total quantity of milk consumed sharply increased but the rise in 
consumption of milk has risen faster than population growth.  Demand theory suggests 
this outcome when prices are stable, income elasticity is positive and incomes are rising.  
Figure 2.9 illustrates rising consumption of milk by showing the historical trend in per 





Figure 2.9 Annual Per Capita Production of Milk in India (FAOSTAT 2014) 
 
This graph takes the total production of milk divided by the total national population as 
reported by FAOSTAT (FAOSTAT 2014).  In 2011, the per capita production of milk 
declined slightly.  A recent estimate of the per capita availability of milk in India was 290 
grams per day (GOI 2012).  The average rate of growth of per capita production of milk 
over the last ten years was 2.54% annually (FAOSTAT 2014). 
Increasing production increases the availability of milk to consumers to the extent 
that the increase in production is not exported or wasted.  If imports are small then 
consumption cannot be a significantly greater amount than production.  In India, trade of 
milk products is indeed small compared to total milk production.  This relationship as 








































Although trade is a small proportion of production, India is historically a net 
importer of dairy products but recently has become a net exporter.  In 2011, India 
imported 50,000 tons of milk equivalent products and exported 16,000 tons of dairy 
products (FAOSTAT 2014).  However, in 2012 and 2013 India was a net exporter of 
dairy products (OECD/FAO 2014).  The value of the milk equivalent imports was $175 
million in 2011 compared to export value of $27 million of dairy products.  The milk 
equivalent imports were 0.042% of 120 million tons produced in 2011 (FAOSTAT 2014).  
India has a small size of trade relative to its production and use. Thus, the fluid milk 
market in India can be thought of as closed and minimally impacted by international 
markets. 
The historical trend of trade in dairy products for India can be seen in the 
following charts.  Figure 2.10 illustrates the value of the net exports of dairy products 





Figure 2.10 Historical Net Export Value of Dairy Trade in India (FAOSTAT 2014) 
 
The historical perspective on the value of dairy exports in India illustrates further the 
point that India is a net importer of dairy products.  Except for a brief period between 
2000 and 2010, the country has had net imports of dairy products (FAOSTAT 2014).  
The same pattern is shown in the following chart that illustrates the historical pattern of 


































Figure 2.11 Historical Net Export Quantity of Dairy Products in India (FAOSTAT 2014) 
 
These two figures illustrate that production of fluid milk in India is largely insulated from 
global markets. 
Current exports and imports are small for India and milk prices in India do not 
conform to world prices (Jesse et al. 2006, Hemme 2013).  Thus, its fresh milk market is 
largely sheltered from global factors.  Consequently, trade can be viewed as exogenous to 
the fluid milk market in India.  The small proportion of milk equivalent exports in value 
and quantity occurs in the context of domestic Indian prices that do not reflect global 
patterns, as will be discussed in the next section. 
 
2.5 Pricing 
Concerning fluid milk prices in India, there are two main questions that need to be 
addressed.  With a large informal sector, is there a difference in price across marketing 































milk due to the higher fat content in buffalo milk?  This section will address these issues.  
The figures containing price data use nominal price data to remain consistent with the 
data source from the OECD.  The trend in the real price for each series is discussed. 
Although the very largest category of farms receive a higher price for their fluid milk, 
Delgado et al. report that farmers in India receive prices for cow and buffalo milk that do 
not vary more than 11% for the average price received across all farm sizes and the 
Northern and Western regions analyzed (Delgado et al. 2003).  Within regions, the 
variance in milk price is more pronounced. Regarding marketing channels, Vandeplas et 
al. extensively detail the marketing channels and prices received by farmers in Punjab, 
where there is widespread use of private sector buyers (primarily Nestle), a cooperative 
system and the informal sector (Vandeplas et al. 2013). Even in this region, 75% of the 
milk is sold into the informal sector, 6% is sold to the private sector and 19% is sold to 
cooperatives (Vandeplas et al. 2013). Farmers freely switch between buyers since there is 
no use of contracts in Punjab (Vandeplas et al. 2013). The prices farmers receive for their 
products are competitive from all groups of purchasers.  To illustrate this point, price was 
not an important determinant for selecting a buyer for over 80% of the farmers 
interviewed by Vandeplas.  This suggests that all purchasing groups in Punjab were able 
to provide competitive prices for milk and it was reported that some farmers even decided 
daily where they would market their product (Vandeplas et al. 2013).  Furthermore, given 
a 30% increase in price, less than 50% of respondents reported that they would switch to 
the group offering the higher price (Vandeplas et al. 2013).  Finally, although buffalo 
milk was the only milk type analyzed, Vandeplas et al. found that there were not 




However, a markup in price to consumers does exist.  In 1995, the reported value of 
milk retained on the farm was 7 rupees per kg (Gupta 1996).  The producer price for the 
formal market was 9 rupees and in urban areas it was 12 rupees (Gupta 1996).  The 
consumer price of milk was 7.5-8 rupees in rural areas and 11-14 rupees in urban areas 
(Gupta 1996). 
In general, producers are paid by the fat percentage (Delgado et al. 2003).  This is 
important since buffalo milk has 6-8% fat compared to 3-5% fat for cows (Taneja 1999).  
Thus, buffalo milk receives a premium price based on a higher milk fat content.  Delgado 
et al. shows that the premium for buffalo milk ranges from 34.9-66.8% of the cow milk 
price (Delgado et al. 2003).  On the other hand, in Uttar Pradesh, prices received for 
buffalo milk were only 9% higher than those received for cow milk (Singh, K. et al. 
2013). For the period 1991-1994, buffalo milk prices were on average 35.6% higher than 
cow milk prices (FAOSTAT 2014).  This aligns with the 30% premium indicated for 
buffalo milk by Jesse et al. (Jesse et al. 2006).  As shown in equation 5.8 in Chapter 5, 
this mark-up can be linked to the price of butter since buffalo milk has a higher fat 
content than cow milk as previously mentioned.   
Regarding the historical trend of prices, each year nominal prices of fluid milk reach 






Figure 2.12 Indian Milk Price (OECD/FAO 2014) 
 
The last decade of data has seen large growth in prices, averaging an 8.9% increase 
per year (OECD/FAO 2014). However, inflation was on average 8.1% during this same 
decade (World Bank 2015).  Real prices of milk deflated to 2013 values increased by 0.7% 
on average from 2004-2013.  Prices for milk are set by cooperatives (Jesse et al. 2006).  
These fluctuate based on market conditions and availability.  Cooperatives set prices and 
the market clears through the price.  Milk prices in India are comparable to New Zealand 
milk prices at around $18 per 100 kilograms at 4% fat corrected milk (Hemme et al. 
2003).  Over time, India’s milk price has been more stable than the United States milk 
price (Jesse et al. 2006).  Figure 2.13 shows fluid milk prices over time as well as other 

































Figure 2.13 Nominal Prices of Dairy Products in India (OECD/FAO 2014) 
 
The nominal price of butter has grown at 6.2% on average per year over the last ten years 
of data while the nominal price of cheese has grown at 6.9% during this period 
(OECD/FAO 2014). 
The common reasons given for high growth in demand for fluid milk in India are 
rising incomes and preferences for milk products over other animal proteins.  Given the 
trade and pricing data just discussed, it appears that supply increases are keeping pace 
with rising demand resulting in stable real prices and few imports.  It would seem that 
increasing national milk production could help to maintain stable real prices in an 
environment of persistently rising demand for dairy products.  The next section describes 
the government initiative to promote the growth in fluid milk production through an 


































2.6 Foot and Mouth Disease: Causes, Effects and Control 
As discussed in Chapter 1, government programs in India have had a long history 
in India milk production.  Not only have government policies promoted cooperative 
structures and better pricing for fluid milk from producers but there has been a long 
history of government involvement in animal disease control.  The control approach of 
animal diseases is guided by slaughter policies unique to India.  These aspects culminate 
in a progressive control pathway for FMD (PCP-FMD) that has been recently guiding 
investment and data collection regarding the epidemiology and prevalence of the disease. 
This section describes the causes, effects and control of FMD in India. The following 
discusses FMD in general and details of the control approach in India.  
FMD is a debilitating disease for cattle, swine, sheep, and other cloven-footed 
animals.  Epidemics of the disease are very costly, drive global trade in livestock 
products and can impact political relations.  The effects of the disease are so significant 
that the World Organization for Animal Health (OIE) has made eradication of the disease 
a priority (FAO/OIE 2012).  The causes and effects of the disease as well as global 
efforts to control it are discussed below. 
FMD is caused by a virus (FMDV) which was discovered in 1897 
(Wongsathapornchai 2006).  Infection from the virus causes painful lesions on hairless 
areas of cloven-hoofed animals. This includes the mouth and interdigital spaces on 
hooves as well as on the udder.  Cattle can contract the virus through direct contact, 
indirect contact and aerosol spread.  Aerosol spread occurs through air-born particles via 




pathogen can also cause infection.  Infection from the virus results in morbidity and 
sometimes mortality.   
Total impacts of FMD can be divided into direct and indirect costs which include 
death, milk lost, decreased weight gain, lower birth rates as well as higher use of less 
productive breeds and the inability to participate in international markets (FAO/OIE 
2012).  For dairy animals, there are four production level economic impacts that can 
result from an infection of FMDV (Saxena 1994).  These are death, milk yield reduction, 
delayed conception, and abortion.  In 2012, the production loss from FMD in India was 
valued at $665 million USD (FAO/OIE 2012). 
Control of the disease can take several approaches.  Generally, in FMD free 
countries if an outbreak occurs, a disease control response uses stamping out via animal 
slaughter, restricting animal movement and employing emergency vaccinations to curb 
the impact of the epidemic (FAO/OIE 2012).  In a country where FMD is widespread, 
systemic vaccination is the preferred approach to FMD control.  Since FMDV has seven 
serotypes (O, A, C, SAT-1, SAT-2, SAT-3 and Asia-1) successful vaccination programs 
can be difficult to develop (Wongsathapornchai 2006).  In a vaccination program, at least 
80% of the animals should be vaccinated (FAO/OIE 2012).  Typically, vaccines are 
administered twice a year.  The vaccination program must be monitored so that progress 
can be estimated.  This requires the testing of antibodies developed in response to 
exposure to the virus or a potent vaccine.  Enzyme-linked immunosorbent assays (ELISA) 
can be used to distinguish between three types of animals: naïve, vaccinated, and 
naturally immune (Biswal et al. 2012).  When distinguishing between an infected animal 




surveillance after an outbreak, the waiting period for a country to regain trade status of 
free with vaccination is reduced from 12 months to six months (Geale et al. 2015).  DIVA 
is a tool that countries can use to implement their progressive control plan. These tests are 
also used to measure the level of herd immunity. 
According to the FAO and OIE, FMD is the most important animal disease 
globally (FAO/OIE 2012).   FMD free status coincides with higher meat prices and 
restrictions on trade for live animals and animal products from countries with the 
presence of FMD.  Extreme international caution is the result of the large economic costs 
associated with outbreaks from FMD in FMD free countries.  This was illustrated by a 
2001 occurrence of FMD in the United Kingdom, where total economic impact of the 
outbreak was $12.3-13.8 billion (Jamal and Belsham 2013).6  Apart from damages to 
tourism and trade, the control strategies led to the slaughter of 6.1 million animals 
(FAO/OIE 2012).  Most of these animals were not infected and many were slaughters 
where animals were culled since farmers were not able to transport them due to 
movement restrictions (Thompson et al. 2002). 
Current opinion in the literature is that there are more efficient control strategies 
that could mitigate the damage for a naïve population in an FMD free country.  One study 
simulated a five year period and the impacts of an FMD outbreak in South America, 
particularly concerning trade effects (Rich and Winter-Nelson 2007).  Control strategies 
included “stamping out” policies where infected animals are culled.  However, with large 
outbreaks stamping out is not a realistic option and vaccination programs take priority.  
Two dissemination rates were used to model the spread before the disease was detected 
                                                 




and after control strategies were implemented.  These rates were obtained from 
government sources.  Vaccinating in the outbreak area (Paraguay) and stamping out in 
other areas (Argentina and Uruguay) was determined to be the most effective control 
strategy.  Another study evaluates whether emergency vaccination policies could be 
effective in controlling a hypothetical FMD in the California dairy herd (Hagerman et al. 
2012).  For FMD free countries that experienced an FMD outbreak between 1992-2003, 
the average length of time taken to diagnose the outbreak was 14 days and the outbreaks 
during this period lasted for 116 days on average.  These actual outbreaks in other 
countries were on the extreme end of the scenarios considered in simulation.  The authors 
had a range of results from their model but in general concluded that the benefits from 
emergency vaccination were outweighed by the costs of administering the vaccination 
and slaughtering vaccinated animals.  However, a risk averse decision maker may find an 
emergency vaccination strategy to be justified if heavily influenced by extreme outbreak 
costs.  This becomes more likely as the length of time for diagnosis increases.   
As a consequence of the transboundary impacts of FMD eradication of the disease 
is viewed as a global public good (FAO/OIE 2012).  For this reason the OIE and FAO 
developed an official pathway that countries can enter as they take steps to eradicate 
FMD (FAO/OIE 2012).  This pathway is called the Progressive Control Pathway for Foot 
and Mouth Disease (PCP-FMD).  There are seven levels of the PCP-FMD.  The activities 
of the initial stages of the control program are focused on understanding the 
epidemiology and distribution of the virus in the country. 
The initial stage is a characterized by endemic FMD, and there is no knowledge 




Stage 1 consists of thorough epidemiological work to ascertain common serotypes as well 
as locations (i.e. “hot spots”) that are vulnerable to high exposure to FMD and are 
capable of spreading the disease extensively.  Also in Stage 1, it is desired that different 
types of losses and the direct impact of these be quantified for the most important animal 
husbandry systems.  To pass into Stage 2 a country must submit a plan to mitigate FMD 
in at least one location or livestock sector. 
The main objective of Stage 2 is to begin to implement the plan proposed in Stage 
1.  Continued data collection regarding the circulation of the virus is the first objective for 
this stage.  The next objective is to implement control measures at “hot spots” and 
involves the use of vaccination programs and other biosecurity measures at these 
locations.  It must be shown that these control measures are successful in decreasing 
FMD.  It is recommended to use prevalence levels to quantify declining FMD impacts.  
To progress to Stage 3, the control program must be revised and have a goal of 
eliminating FMD from at least one zone or sector. 
Stage 3 has the goal of stopping the circulation of FMD entirely from one zone or 
sector.  At this stage the revised plan is implemented and leads to rapid detection and 
handling of FMD outbreaks in the area specified in the plan.  This is the first stage at 
which the OIE can officially recognize a national control program.  Demonstrating that 
FMD is not circulating in the zone is sufficient for advancing to the next stage. 
The next stage has the goal of meeting the requirements by the OIE for a zone or 
region to be “free with vaccination”.  At this stage outbreaks of FMD are seldom and 
when they do occur it is from external influences.  To obtain “free with vaccination” 




At Stage 5, the complete cessation of FMD outbreaks is maintained in the region.  
This is obtained through increased surveillance over a period of time.  The goal is to 
achieve “free without vaccination” status with the OIE at which point the region exits the 
PCP-FMD and attains the last level.   
The PCP for FMD is a relatively recent development and there is a need for an 
economic assessment of the benefit that these stages might garner for a country.  Indeed, 
one study mentions the need for “impact assessment, value chain analyses and cost-
benefit analyses of intervention” (Jamal and Belsham 2013).  Applying these economic 
approaches to the disease control stages is an important capability that as of 2013 had not 
been explored for India.  
Since India is a country where FMD is endemic in most regions, a progressive 
control program is an important aspect of the national economic impacts from FMD 
(Subramaniam et al. 2013).  Regions of India are in Stage 1, 2, and 3.  India has had 
decades of research regarding the distribution and control of FMDV (Biswal et al. 2012, 
Pattnaik et al. 2012).  As early as 1956, the second five year plan mentions FMD control 
as part of state programs (2nd Plan).  In 1968, an effort to understand FMDV serotypes 
and coordinate research was launched under the “All India Co-ordinated Research Project” 
(AICRP) (PDFMD 2012).  In 2001, efforts to control FMD were given more attention 
and resources.  This resulted in the conversion of the AICRP to the Project Directorate on 
Foot and Mouth Disease (PDFMD).  The 10th five-year plan of India allocated 100 
million rupees to the PDFMD (10th plan).  In the most recent five-year plan, a concerted 
effort to control animal diseases including FMD was mentioned (12th Plan).  Current 




serosurveillance, control of animal movement and ongoing epidemiological work 
(Pattnaik et al. 2012, PDFMD 2012).  Planned expenditure for the control program during 
2013-2017 is 420 million rupees per year (PDFMD 2012). 
As the result of this activity regarding FMD research in India, the epidemiology, 
vaccine and diagnostic technologies are well understood and advanced.  The most 
common serotype of FMD in India is type O (Biswal et al. 2012).  This is followed by 
serotype A and Asia 1.  Vaccinations at 6 month intervals have effectively built up herd 
immunity in some areas of India (Pattnaik et al. 2012).  Vaccination doses should be at 6-
8 PD50 to allow protection to cover the entire 6 month period between vaccinations.  Due 
to this focus on the epidemiological characteristics of the virus in India, data on outbreaks 
as well as data differentiating infected from vaccinated animals (DIVA) from the 
surveillance of bovine populations are reported nationally.   
From this surveillance data, prevalence and incidence patterns can be observed.  
Incidence is the number of newly diagnosed cases during a period of time.  Due to 
underreporting, incidence data has significant limitations as will be discussed.  A wide 
range of incidence levels of FMD has been reported for India (Saxena 1994, Sumption et 
al. 2008).  Two methods have been used in the literature to obtain incidence estimates.  
The first method based incidence off of outbreak data from 78 villages in which detailed 
survey data was taken regarding the impacts of FMD on animal performance (Saxena 
1994).  Incidence of the disease from this data was 30% of the population of indigenous 
cattle, 17% in crossbred cattle, and 19% in buffaloes (Saxena 1994).  Outbreak data in 
India is most closely aligned with the concept of incidence.  However, the unit of 




hundreds of animals (Saravanan 2015).  Another study acknowledged that using 
incidence data is prone to error due to underreporting.  The second method to estimate 
incidence used outbreak data and FAO population numbers (Sumption et al. 2008).  The 
authors acknowledged that their method was prone to error due to data limitations.  
Animal densities as well as expert opinion regarding FMD were used to create this 
incidence level that they believe overcomes the tendency to under report FMD.  In spite 
of this, the rate is still believed to be low which resulted in the use of Iran data to proxy 
the incidence for India in the global calculation of FMD costs.  Both the Saxena paper as 
well as the Sumption et al. research do not discuss subclinical cases of FMD in which 
symptoms of the disease are not present but the animal is still infected with the virus.  
These studies illustrate the various approaches to calculating the national incidence level 
of FMD as well as the drawbacks in using outbreak data to drive national effects of FMD.  
During the period 2006-2011, annual confirmed outbreaks varied from 176 to 877 
outbreaks in India (Pattnaik et al. 2012). 
Another way to measure the national effects of FMD is to measure the prevalence of 
exposure to foot and mouth disease virus (FMDV).  Prevalence can be thought of as the 
number of clinical and subclinical cases existing during a period of time.  The national 
prevalence of FMD in India was estimated to be 27.5% in 2010 (Pattnaik et al. 2012).  
The OIE reports the proportion of animals in India infected with FMDV to be 24.7% 
(FAO/OIE 2012).  In India, the prevalence of FMD varies by region at 43% in Eastern, 
31.5% in Southern, 11.6% in North-Eastern, 5% Central, 4.4% in Western, 4% in 
Northern (Subramaniam et al. 2013).  The figure below illustrates prevalence rates of 




gradient for prevalence in the states where states with a darker color have higher 
prevalence of exposure to FMDV. 
 





The predominant cause of disease transfer is free movements of livestock between 
regions. Transfer of the disease by direct contact (which can include fomites in the breath 
of infected animals) is the most common pathway.  This is believed to be the cause of the 
seasonal variation in prevalence of FMD in India which is highest at the beginning of the 
monsoon season and lowest at the end. The humidity and rainfall decrease the 
transmission of the disease. 
In the same way that the disease does not impact each region equally, the impacts of 
the disease also vary by bovine type.  In general, crossbred cattle tend to be on 
commercial enterprises that have greater sanitary control and therefore have reduced 
incidence of the disease.  However, indigenous cattle and buffaloes have reduced severity 
of the disease compared to crossbred cattle.  Crossbred cattle have mortality rate of 10-20% 
versus 2-3% in indigenous cattle (Gupta et al. 1996).  Although mortality can occur from 
infection, the primary way that the disease exhibits itself is through sickness which 
causes three economic impacts for fluid milk production (Saxena 1994).  The first is a 
reduction in milk production from a lactating animal.  The second is a delayed conception 
which leads to a delayed lactation due to the illness.  The third is spontaneous abortions 
in pregnant animals that are infected.  Daily milk yield drops at least by 25% in infected 
milk animals (Pattnaik et al. 2012, Mathew and Menon 2008). Annual milk loss due to 
FMD in lactating animals ranges between 14.2% to 19.5% (Saxena 1994).  Infected 
crossbred cows lost 16.1% of their annual milk production while the average for 
indigenous cows and buffalos was 15.2% and 18.0% respectively. 
A common method of controlling FMD in much of the world is stamping out the 




Slaughter of bovines is highly regulated in all states.  Only five states allow cattle 
slaughter.  However, buffalo slaughter is allowed in 8 states (for a more comprehensive 
list see Singh, G. et al. 2013).  When slaughter is allowed in a state it must be sanctioned 
by the governing authority.  This creates export opportunities of these animals into 
neighboring countries (Rweyemamu et al. 2008).  Neighboring Muslim countries import 
cattle for annual Eid and Ramadan celebrations.   Not only are there regulations limiting 
the slaughter of cattle but the large number of bovines affected by FMD is prohibitive for 
a “stamping out” approach to FMD (Pattnaik et al. 2012).  Since “stamping out” is not 
feasible in India, control strategies must be oriented around preventative vaccination.  
The mandatory, bi-annual vaccination program started with 54 districts in North India.  
The next expansion of the vaccination program includes 167 districts in southern India. 
With widespread presence of the virus as well as the cost that the disease inflicts on 
the nation, it is not surprising that a program has been proposed for the control of FMD in 
India.  The following text describes the 2018 goals and the 2025 goals for the control of 
FMD in India. 
Currently there are 54 districts throughout India which are in Stage 3 of the PCP-
FMD (Pattnaik et al. 2012).  As described, this is the stage at which the rates of FMD are 
declining.  Another 167 districts are in Stage 2. At a state level, all states that are 
currently participating in the FMD-CP program have regions in Stage 3 and Stage 2 of 
the control program with the exception of Uttar Pradesh which has one-third of its area in 
Stage 3 with the remaining areas not participating in the program.  The map below 
illustrates participation in the FMD-CP program by categorizing each state in the stage 




currently in the program, and control strategies will be implemented in these regions at a 
later date (Pattnaik et al. 2012). 
 





It is anticipated that by 2018, the Southern portion of the country will enter stage 3 
while the Northern states in Stage 3 will enter Stage 4 as a Disease Free zone (Pattnaik et 
al. 2012).  This is illustrated below. 
 





The goal for 2025 is that the majority of the country will be in stage 3 with the south 
in stage 4 and the northern area in stage 5.  At this point the desire is that India will 
achieve FMD free with vaccination status, increase milk production, and have larger 
opportunities for international trade (PDFMD 2012).  This is depicted below. 
 




It is anticipated that by 2025 India will achieve control of FMD (Pattnaik et al. 2012).    
In order to evaluate the economic consequences of the program to transition India 
from a country where FMD is endemic to an FMD-free nation, an economic model of the 
Indian dairy sector is required.  That model needs to recognize the dynamics of milk 
production. It needs to capture the introduction and participation of Indian milk producers 
in the FMD reduction program as it evolves over time.  It also needs to include the 
consumption and production characteristics of Indian households and producers. The next 
chapter presents the critical background literature used to construct a conceptual model of 





CHAPTER 3.  LITERATURE REVIEW 
3.1 Introduction 
Three main veins of academic literature are relevant to obtain a background 
understanding on milk production in India.  The first is models of milk production 
dynamics, including efforts to quantify yield and production growth dynamics.  Since 
vaccines for foot and mouth disease (FMD) are absent from most regions in India, the 
second section of this chapter focuses on technology diffusion and the decision to adopt 
or participate in a vaccination program.  The last is subsistence household behavior since 
milk production in India is largely from landless producers or those with smaller 
landholdings.  This review of the relevant literature will cover these three areas of 
academic thought focusing on India and milk production when possible.  
 
3.2 Modeling Dairy Sector Equilibria and Herd Dynamics 
This section of the literature review discusses relevant modeling approaches and 
structures of a national aggregate dairy herd that an FMD control program must operate 
within. The discussion will start with herd dynamics and the literature referencing 
sectoral dynamics of livestock industries.  The latter portion of this section discusses 




Herd Dynamics and Dairy Sector Model Theory 
 When considering supply dynamics, price changes impact the profitability and the 
level of output.  Much of the approach to dynamic supply is based on farmers’ decisions 
using expectations of prices in future periods.  This begins with Nerlove’s influential 
work regarding price expectations and calculating elasticities of supply for corn (Nerlove 
1956).  He demonstrated how supply responds to price and why calculations of 
elasticities of supply dramatically differ between estimates using different datasets.  He 
showed that expectations of future prices impact the supply response in a non-trivial 
manner.  This justified using the following form for estimating a supply decision function: 
  xt = π0 + π1Pt−1 + π2xt−1 + vt ( 3.1 ) 
where x is the acreage planted in year t and P is the price of the commodity being 
produced and v is the error term.7 
Although Nerlove’s approach is very useful for crop supply dynamics, supply 
dynamics that are related to cattle must also incorporate biological and herd parameters 
that may limit rapid supply response.  Even for milk production, which is a regular daily 
process, herd dynamics impact the availability of milk producing animals. Price signals 
used to inform reproduction decisions for dairy farmers are separated by as much as 3-5 
years due to the length of time between generations in the population. The theoretical 
underpinning for modeling these elements begins with a discussion surrounding whether 
or not cattle producers respond to price changes in ways that are consistent with profit 
maximizing behavior.  In particular, it was observed that cattle supply sometimes “bends 
                                                 
7 Labys thoroughly discusses various approaches to formulating decisions based on previous prices, 




backwards” where producers are decreasing supply while prices are improving or vice 
versa.  This behavior is more consistent with treating cattle like a capital asset which 
began to be teased out by Jarvis (Jarvis 1974).   
Jarvis discusses expected price dynamics in the context of the national cattle herd 
in Argentina (Jarvis 1974).  He demonstrates that the response to price changes by cattle 
producers was consistent with price expectations during 1937-1967.  He begins with a 
microeconomic model of the production of steers.  The model for the producer 
maximizes the discounted profit from the growth of the steer including inputs costs.  Both 
the revenue from the steer and the input costs vary as the animal ages.  The producer 
selects the optimal slaughter age and input quantities.  For milk production systems, the 
profit equation includes an additive term for the discounted value of all milk production 
for the life of the cow. Male cattle in this context are generally either kept for breeding 
purposes or fattened for slaughter.  The proposed supply equation is shown below: 
  St = αHt + f(𝑥𝑥1, … , 𝑥𝑥𝑛𝑛) + Et ( 3.2 ) 
where St is the number of animals slaughtered, Ht is the proportion slaughtered as a 
function of time, f(·) is a function of current and lagged variables including price 
coefficients and E is the error term.  The expected prices were formed in different ways.  
For female cattle, the most successful method used the current price, past prices and most 
recent change in price (Jarvis 1974). Apart from price effects on production, there is also 
an impact on supply from structural changes within the national herd.  Jarvis captured the 
increasing proportion of animals slaughtered using a time trend multiplied by the herd 




αHt = (α0′ + α1′ t)Ht = α0′ Ht + α1′ (𝑡𝑡Ht) ( 3.3 ) 
which led to values of α that were able to approximate observed values.  The separation 
of α allowed for different fluctuations around the mean proportion slaughtered.   It is 
mentioned that different ages, sexes, and breeding ability will impact the profit functions 
and econometric estimates of how prices impact supply of cattle.  In conclusion, he 
shows that producers continued to respond to expectations of price as economic theory 
would predict in spite of substantial shocks to the sector from government policies at the 
time.  The response from producers had short run and long run effects that impacted the 
cattle herd size differently.8 
 Rosen modified Jarvis’ approach by focusing the explanation of a “backward 
bending supply” on cattle herd inventory management dynamics (Rosen 1987).  The 
focal point of the explanation lies in the tension between a producer’s decision to keep a 
female animal for reproductive purposes or to slaughter for consumption.  To address 
this, a market equilibrium model is developed that captures the population dynamics in 
the production cycle.  The approach places emphasis on the age structure of the herd.  
However, Rosen’s model was later augmented to demonstrate that keeping track of the 
yearling and two year old calve populations was sufficient (Rosen et al. 1994).  The goal 
of this latter piece was to create a mathematical model to explain periodic dynamics of 
cattle herds in the US.  More specifically the role of biotechnology and how it can be 
incorporated into cyclical dynamics is investigated.  The only parameters used in the 
modeling are birth and death rates, the interest rate, and supply and demand shocks.  
                                                 
8 This approach was motivated by observing behavior that did not align with the seminal work from 





International trade was not considered since exports and imports of beef and live cattle 
were a small portion of total production.  They found that the use of a recursive structural 
model with long-run constant returns to scale performed well in explaining cattle 
population dynamics in the US from 1875-1990. 
Another effort that was simultaneously occurring during Rosen’s activities 
focused on dairy production.  Chavas and Klemme sought to develop an intertemporal 
framework to analyze the supply of milk in the US incorporating dynamic biological 
impacts (Chavas and Klemme 1986). The cow herd is treated as a capital good where 
changes in the herd size are investment/disinvestment decisions. The model is annual and 
only estimates the female dairy animal population.  The authors estimate three equations 
using data on US dairy production.  The first equation is an estimation of the replacement 
heifer dynamics due to price ratios in the prior year and at the year of birth of the current 
replacement heifers (i.e. young animals which have just reached maturity and are 
available to replace less productive animals).  Since all cows in lactation give birth to 
equal proportions of male and female animals, the replacement heifer equation is: 
  Ht = 0.5�𝐾𝐾1,𝑡𝑡−1 ∗ 𝐾𝐾0,𝑡𝑡−2� COWt−2 ( 3.4 ) 
where Ht is the number of replacement heifers entering the herd at t and Ki,t-j is the 
holding rate for female calves of age i at time t-j.  The holding rate is a function of price 
ratios.  COWt-2 is the number of animals that gave birth two years ago.  The animals that 
give birth in a given year are also the milking animals.  This gives the second equation, 
which is the inventory of cows, as a function of the sum of replacement heifers.  For each 
year that a heifer stays in the milking herd, a retention rate for all animals in its cohort is 




several years since the number of animals retained in the previous year sets the maximum 
for the current year.  This results in the following specification: 
  COWt = ∑ �H𝑡𝑡−𝑖𝑖+2 ∗ ∏ K𝑖𝑖−𝑗𝑗,𝑡𝑡−𝑗𝑗𝑖𝑖−2𝑗𝑗=1 �𝑛𝑛𝑖𝑖=3  ( 3.5 ) 
where n is the maximum age that a cow is retained in the milking herd.  A final equation 
estimates milk yield as a function of time and the milk price to feed price ratio.  The 
product of the milk yield and the number of cows in a year produces the annual fluid milk 
supply. 
Assuming the birth rate and the survival rate are independent of the population 
size, the current population can be thought of as a proportion of the population in the 
previous period.9  Familiar to epidemiologists, this relationship forms the characteristic 
equation of a “growth model” (Chavas and Klemme 1986).  This is an exponential form 
of total population dynamics over time.  Consequently, the holding rate is considered to 
be: 
  Ki,t = 1/�1 + 𝑒𝑒𝑥𝑥𝑒𝑒(𝑋𝑋)� ( 3.6 ) 
where X is a function of price ratios and age.   
This dynamic model led to the estimation of long run elasticities that were larger 
than previously shown in the literature.  Tracking the age specific retention rates of the 
herd proved to be a worthwhile augmentation.  Milk price increases led to lower culling 
rates of young female animals in the short-run.  As the milk price increases, the culling 
rate change on older animals however were smaller than the decrease in retention rate for 
                                                 
9 This assumption is appropriate for a homogenous population of cattle.  However, when the population 
contains different breeds of cattle which have different birth rates the birth rate of the total herd is no longer 




younger animals and sometimes led to higher culling rates of older animals.  The authors 
conclude by demonstrating the strength of the proposed model in explaining the 
dynamics of fluid milk supply for the US dairy herd.10   
In another study, a dual model was used to investigate the supply side dynamics 
of the US dairy industry (Howard and Shumway 1988).  They discuss how Chavas and 
Klemme use a lagged structure in their model of the dairy sector that Nerlove regards as 
lacking in theoretical justification.  The method proposed by Howard and Shumway 
treats the entire US dairy supply as one firm.  The profit maximization problem is 
modeled as a generalized Leontief function of milk price, concentrate price, reproduction 
rate of dairy cow herd, rental rate of a dairy cow and labor costs.  The rental price of a 
cow was the discounted value of three lactations plus the cull price of the cow less feed 
costs (divided by three for annual value).  Although they found that this dynamic dual 
model approach to modeling the US dairy sector successfully indicated differences 
between short-run and long-run supply elasticities, it did not satisfactorily explain 
technological change in the sector.  They found that applying no technological change to 
the model resulted in non-convergence.  But both hypotheses that the quality of cows or 
labor captured the technological change were rejected.  Thus they were able to 
demonstrate that technological change occurred during the period analyzed but the 
chosen proxies for technological improvement failed to statistically match it.  
 Another study modeling the US dairy sector focused on the impacts of different 
advertising approaches on the US dairy sector (Liu et al. 1990).  They simulate supply 
                                                 
10 This work was later extended to demonstrate how market instability can be created in US dairy markets 
using a simple supply and demand model (Chavas and Holt 1993).  The authors find that very inelastic 
demand (price elasticity of -0.3) creates a scenario in which the market is “unstable”.  They modeled supply 




and demand of dairy products each quarter and split the market into on farm, wholesale 
and retail segments.  The supply of farm milk was calculated as a function of one period 
lagged milk price and exogenous supply impacts.  Chavas and Klemme (1986) were 
referenced as support for this approach.  The farm price linkage equation was a weighted 
average of Class I and Class II prices by their quantities of use to allow for on-farm, 
fluid, and manufacturing use of the farm milk produced.  The model is quantity clearing, 
prices adjust to accommodate equilibrium levels of quantity produced and demanded in 
each segment of the market.  The equations were estimated using double log equations 
for demand and supply in each dairy market segment.  Sine and cosine functions were 
added along with time period as explanatory variables to accommodate seasonal 
variation.  The farm supply estimation included terms for feed prices and farm wage.  It 
was mentioned that the trend variable captures the technological change in genetics of the 
cow herd.  The overall result of this paper was that advertising for fluid and manufactured 
milk products results in an additional $4.77 of income to the producer for every $1 spent 
on advertising. 
 Subsequent to Liu et al., another paper used this method of modeling dairy supply 
to investigate dairy producer revenue (Schmit and Kaiser 2006). The article used 
forecasts of population and food consumption preferences in a partial equilibrium model 
of the US dairy sector to estimate revenue to dairy producers.  The farm supply equation 
contained parameters for milk price, feed price, cow cull price, a time trend for 
technological change, seasonal factors, governmental program shifters, and lagged farm 
supply. They found that an increase in the proportion of meals that were eaten away from 




through cheese consumption.  Farm supply was expected to increase at 1% per year as a 
result of this projected increase in demand for dairy products. 
 
Indian Dairy Sector Modeling Approaches 
 Regarding dairy production in India, four notable papers analyzed sector impacts 
of technology and trade liberalization. The first article used an econometric model to 
quantify the losses accrued due to technological constraints in dairy production in 
Northeast India (Paul et al. 2013).  The authors found that lack of mineral supplement 
was the leading cause of economic loss followed by unsuccessful breeding and 
inadequate deworming.  These constraints as well as the five diseases considered 
(including mastitis and FMD) lowered milk production by 0.862 liters per day.  If these 
reductions in milk productivity are removed, output of the region is estimated to increase 
6%.   
One caveat with these conclusions is that this region of India tends to be milk 
deficient.  Thus, these conclusions may not be representative of large commercial dairy 
operations in other regions of the country.  Another aspect that limits the widespread 
application of these results is that this research was specific to crossbred cows only but 
buffalo and indigenous cattle also have important roles to play in national milk 
production.  Also, the increase in milk from the successful elimination of these 
constraints may not result in an increase in milk production that directly matches the 
increase in yield.  This is due to herd dynamics which impact the national herd size as 
well as market dynamics that would put downward pressure on milk prices.  For example, 




milk could be pushed downwards with a large increase in output which would reduce the 
attractiveness of keeping animals for milk production reducing the herd size and lead to 
an overall milk production increase that is less than the 6% increase in output per animal.  
Also, replacement rates may be impacted by a large price change which would impact the 
national herd size and associated output in future years. 
A second paper regarding the dairy sector in India explored how trade 
liberalization of the dairy sector in India impacted the international competitiveness of 
the sector (Rajarajan et al. 2007).  Although no economy wide supply and demand 
equations were modeled, they compared India to the world by looking at domestic and 
world dairy prices and the share of dairy exports of total exports from India.  The first 
metric used for comparison is shown below: 
  NPC = Pd+Td
Pw+Tw
 ( 3.7 ) 
where Pi is the price of region i (d is domestic and w is the world) and Ti is the 
transportation cost.  NPC is the nominal protection coefficient and was used as a criterion 
for competiveness. The second index used was the revealed comparative advantage 
metric calculated as seen below: 
  RCA = Share of Domestic Dairy in Indian Exports
Share of All Dairy in Global Exports
 ( 3.8 ) 
where RCA stands for the index of revealed comparative advantage.   This was used to 
indicate how efficient India was at allocating resources to the dairy sector.  The analysis 
of exports indicated that India was exporting more during the period after liberalization in 
1991.  Imports decreased after liberalization.  The competitiveness metric and 




is competitive and has a comparative advantage in production.  The authors mention that 
India is not a major player in the global trade of dairy products.  However the results of 
the study indicate that since liberalization India has been slowly increasing its trade in 
dairy products.  
Another paper investigated the factors that grow livestock output in India (Chand 
and Raju 2008).  A simulation model was used to determine how different factors might 
impact production to achieve the goals for growth.  The authors referred to the role of 
cooperatives as purchasing excess production.  They estimated a double log equation 
with livestock output as the dependent variable and eight explanatory variables.  These 
were the number of bovine animals in milk, artificial inseminations performed, veterinary 
institutions, paved road length, per capital income, cooperative memberships, foddered 
area and rainfall.  The most important factors were the in milk herd size, number of 
artificial inseminations and per capita income.  These reduced form estimates of the 
drivers of output changes were then used to motivate and analyze various scenarios of 
output.  The authors found that the growth in the value of livestock output declined after 
the market reforms in 1991.  They suggest that the decline was primarily due to a 
decrease in the growth of crossbred cows, slower increase in cooperative participation, 
slower growth of artificial insemination use, and a near leveling off of the number of new 
veterinarians.  They found that if growth rates continue as they did in the recent past, the 
value of livestock output would increase at only 3.83% per year which was below the 6% 
goal suggested by the Eleventh Plan of the government of India in 2007.  The last 
scenario that they considered had double the growth rate of new road building, veterinary 




income) at the historical growth rates using the estimated elasticities of output.  In this 
scenario, the per capita income was also higher to reflect the most recent growth rates in 
income at the time.  This resulted in 5.4% growth rate in the value of livestock output.  
This is growth rate was close to reality.  In the three years subsequent to the publishing of 
this article, the growth in the value of livestock products averaged 5.3% (MOSPI 2013). 
In conclusion, the authors suggested a focus on infrastructure, veterinary services and 
cooperative involvement. 
A final paper regarding dairy production in India sought to identify specific 
factors that impact national milk yield in dairy cows in India such as genetic potential, 
availability of feed and health of the animals (Kumar et al. 2013).  The authors were 
motivated to find drivers of the structural transformation of the Indian dairy sector. The 
increase in quantity of milk produced was separated into two effects: one from animal 
population increases and another from yield increases.  They used random effects 
modeling of panel data at the state level.  They found that crossbred cows and buffaloes 
contributed the most to the increased production levels.  Crossbred cows contributed 
through increased population numbers.  Buffalo contributed to the growth in milk 
production with equal impacts from increases in milk yield and growth in herd population 
numbers.  Irrigation was found to be significant in explaining milk yield increases since it 
was acting as a proxy for feed availability.  An increase in the share of crossbred cows 
was found to significantly improve milk yield while an increase in the share of buffalo 
had no impact on milk yields.  In other words, the total population of milk animals 
declined in some states while an increase in crossbred cattle and in overall yield was 




impact milk yield positively.  Veterinary institutions were found to have no explanatory 
power regarding milk yields.  This could be due to limited technology or inadequacy of 
the data.  Properly equipped veterinary professionals might have a more significant 
impact on dairy cow performance if they have more tools at their disposal to use in 
solving problems.   As a result the authors wrote “Productivity-led growth is the only 
viable option for accelerated and sustainable growth of the [fluid milk] sector.” 
Notable Whole Economy Models 
 Apart from efforts focused only on the dairy sector, larger models of the global or 
multi-country level economy have been developed that include dairy sector 
specifications.  These include partial and general equilibrium models.  The following will 
discuss global models where India is one of the countries included.  Notable results 
concerning dairy production in India are highlighted.11  The discussion will begin with 
smaller partial equilibrium models and end with a large general equilibrium modeling 
effort.  
The first study to be discussed is a partial equilibrium model of China, India, and 
Brazil (Saunders et al. 2009).  The goal of this research was to evaluate how rising 
incomes, biofuel production and adverse weather events impact commodity price rises.  
This analysis used a partial equilibrium approach of multiple commodities and countries 
to demonstrate how the shocks to agricultural production impact supply, demand, and 
trade from 2004 to 2007 for China, India, and Brazil.  Excess supply and demand in each 
country were aggregated to determine world prices.  From these prices, domestic 
                                                 
11 There are numerous large modeling efforts that do not show India (such as the European Simulation 




quantities, prices, trade and stocks were obtained.  The supply and demand quantities 
were a function of prices and shift factors.  Dairy consumption in India was impacted 
more by income growth than adverse weather or biofuels production.  This suggests that 
demand side dynamics need to incorporate income adjustments. 
One of the most widespread global economic modeling efforts is the Aglink-
Cosimo model.  This model, used in the annual OECD-FAO Agricultural Outlook, is a 
joint effort between the OECD Aglink model and the FAO Cosimo model (OECD 2007).  
It is a partial equilibrium supply and demand model of global agriculture.  One of the 
main uses of the model is to provide an annual outlook for the upcoming 10 years of 
global agriculture production.  The production quantities are a function of the producer 
price and the commodity production cost index.  The production cost indexes for 
livestock products are built from proxies for inputs (non-tradable, energy and other 
tradable).  The non-tradable inputs are proxied by the domestic GDP deflator.  Energy 
inputs are impacted by changes in the global price of crude oil and the exchange rate.  
Tradable inputs are impacted by world inflation levels and the exchange rate.   
In Canada and the EU, milk production is determined by impacts of production 
quotas.  The supply function is derived off of a shadow price for milk supply in countries 
with a quota.  Expectations of future milk production lead to changes in the breeding 
herd.  The value of a cow is derived from the expected income from future calf, milk and 
beef sales.  In countries like India, where the domestic dairy market is large and there are 
trade tariffs, a separate price for the domestic milk market is modeled.  Production of 
processed dairy products is simulated with logit functions that depend on the price of the 




production is calculated after the processed products and is treated as non-tradable.  The 
price of milk is calculated from market clearing to meet domestic demand.  
The most recent agricultural outlook contained a chapter focusing on India 
(OECD 2014).  This outlook using the Aglink-Cosimo model predicts that milk 
production will grow by 3.4% per year to reach 191 million MT by 2024.  The nominal 
Indian milk price will grow to 66,637 Indian rupees per ton by 2024 which implies a 
6.8% rise in the nominal price each year.  This forecast is a lower rate of increase in the 
nominal price than seen in the historical data in Figure 2.12. This is a slight decline in 
real prices over the forecast period.  The 2024 nominal price forecast is equal to $1,039 
US per metric ton given 2015 exchange rates.  Tariffs on milk are 80% and the 2013 
Indian milk prices were 22% higher than US milk prices. 
Another large agricultural modeling effort is an effort from FAPRI/CARD which 
produces a 15-year forecast of global supply and use of major agricultural commodities.  
The major focus of the model is estimating impacts of trade and policies on US 
agricultural producers.  However, the Indian dairy industry is also modeled in the same 
manner as the US industry. This is a partial equilibrium model that is modeled by regions 
and commodities (FAPRI 2014).  The model is linked to the grain and oilseed FAPRI 
models to incorporate dynamics in these commodity markets.  The five commodities 
analyzed in the dairy model are milk, butter, cheese, nonfat milk powder and whole milk 
powder.  The simulation iterates until international equilibrium prices and trade levels are 
obtained that solves the country level models, creating equilibrium in all markets for all 
commodities.  Fluid milk is always kept in equilibrium at the domestic market level. 




supply which is dispersed among fluid milk consumption, manufacturing use, and other 
consumption.  The cow inventory is a function of lagged cow population, milk price, and 
feed price.  The milk yield is modeled as a function of time.  Factory milk use is the 
remainder of milk production less fluid milk demand and feed use.  The price linkage 
equation includes the tariff rate, exchange rate, world price and a fixed rate that adjusts 
for historical differences from the world price.  Trade is used to clear the market via 
excess supply or demand.  The most recent supply and use for India is shown in Table 
3.1.  The model forecasts that India’s milk production will grow 2.8% annually to reach 
169 MMT by 2023 (FAPRI 2011). 
Table 3.1 Indian Dairy Supply and Utilization 
  2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 
(Thousand Head) 
Milk Cow 
Numbers 35,975 36,375 36,875 37,750 38,000 38,000 38,375 38,125 38,375 38,667 
           (Kilograms) 
Milk Production 
per Cow 1,008 1,001 1,010 994 1,056 1,116 1,149 1,194 1,230 1,266 
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Source: FAPRI 2011 
The next model was used in the Uruguay Round of trade negotiations and is 
called the SWOPSIM model. It is a static global model of agricultural supply and demand 




the supply and demand equations are estimated and the supply quantities can be included 
in any demand equation.  The database used to support and evaluate the model contains 
supply and demand elasticities (own price and relevant cross price) as well as feed shares 
and feed conversion ratios.  For India fluid milk, the supply elasticities included were the 
own price elasticity of milk and the cross price elasticities for butter, cheese and milk 
powder.  The demand elasticities for the dairy sector were own price elasticities for fluid 
milk, butter, cheese and milk powder.  The demand elasticities included manufacturing 
and fluid milk demand.  Quantity of supply, demand, trade, support prices and producer 
prices are also included.  If the price was not available, the world price was used for the 
producer price in the absence of data.  World fluid milk price was $275 per metric ton (in 
1986 US dollars). The India price for fluid milk was $218 per metric ton (in 1986 US 
dollars).  Table 3.2 shows the elasticities of fluid milk demand and supply for India. 
Table 3.2 Demand and Supply Elasticities for Dairy Products in India 
Supply Elasticities Dairy-milk Dairy-butter Dairy-cheese Dairy-powder 
Dairy-milk 0.3 
   Dairy-butter -0.03 0.04 
 
0.04 
Dairy-cheese -0.34 -0.11 0.6 -0.11 
Dairy-powder -0.69 0.38 
 
0.38 
     
Demand 
Elasticities 
    Dairy-milk -0.14 
   Dairy-butter 
 
-0.6 




   
-0.5 
Source: SWOPSIM 1986 
The final large modeling effort to be discussed is a general equilibrium model 




Global Trade Analysis Project (GTAP) the center has developed a modeling platform that 
can be adapted to analyze numerous global trade dynamics and its impacts on various 
regions and sectors. The data supporting the model includes India production of raw milk 
and dairy products.  The basic model is a computable generalized equilibrium model 
(CGE) with the typical assumptions that make economic modeling more manageable (eg. 
perfect competition, constant returns to scale) (Hertel 1998).  Inputs for firms are land, 
labor and capital.  Intermediate goods are included and may be imported or purchased in 
the home market.  The production functions are separable constant elasticity of 
substitution equations.  Households maximize a Stone-Geary utility function.  The 
demand is grouped into private, government and savings allocations of income.  CGE 
models typically use Armington specifications. The Armington assumption is that goods 
are differentiated by national origin. This results in a specification where the elasticity of 
demand is composed of the elasticity of demand for the kind of good and an elasticity of 
substitution between the nationally differentiated products. The CGE application uses a 
two tiered structure where imported goods substitute among themselves at one rate and a 
different elasticity of substitution is imposed between imported goods and the domestic 
good.  This leads to an approach to modeling goods which are weakly integrated with 
global markets by imposing low elasticities.   
While the GTAP model can be used for highly sector specific modeling and can 
even be adapted for partial equilibrium analysis by changing the closure, sectors that are 
minimally influenced by trade and global dynamics sometimes deserve a much more 




approach less suitable.  Raw milk production would certainly seem to fit this exception 
since it is generally not traded across borders. 
Summary 
In the majority of the literature that was discussed regarding herd dynamics and 
economic modeling of livestock production, time trends are used as a proxy for 
technological change (See Chavas and Klemme 1986, Liu et al. 1990, Schmit and Kaiser 
2006, FAPRI 2014).  For an analysis that is focusing on the aggregate impacts of a 
program to eliminate FMD, this approach is unacceptable.  The literature that does 
address technology use in milk production systems in India is either so regionally focused 
that national conclusions are doubtful or too aggregate to fully accommodate the nuances 
of an effort to eliminate FMD via vaccination.  The next section of the chapter will 
review precisely these topics, discussing the position of the literature regarding 
technological change in agriculture. 
 
3.3 Technology Diffusion and Adoption 
A central method for reducing FMD in Indian is vaccination and surveillance.  
Because participation in the program requires cooperation from the producer, that 
decision is similar to decisions on technology adoption. Further, the program to eradicate 
FMD is not introduced at a single time but rather is a phased introduction in the various 
states over a period of several years. Thus, introduction of the FMD eradication program 
is similar to diffusion of technology.  
 This section describes the theoretical advances in the literature concerning the 




discussion loosely follows Feder and Umali’s review (1993) of agricultural innovation as 
well as Geroski’s review of technology diffusion, incorporating literature from the 
subsequent years and adding (where available) an emphasis on applications concerning 
livestock and India (Feder and Umali 1993, Geroski 2000).  Using the terminology from 
Geroski (2000), the text will discuss ‘epidemic’, ‘Probit’, and ‘network’ models of 
technology diffusion and adoption.  To launch the discussion on these concepts and the 
decision-making processes, it is worthwhile to consider a quote from Geroski (2000) 
regarding technology diffusion: 
“Unlike molecules which act and react mechanically, people try to think before 
they act and this can be a very slow and unpredictable business for some of 
them.” – Page 603 
Epidemic Models   
Mathematical representations of diffusion processes of agricultural technologies 
have evolved from logistic models where the cumulative adoption of the technology is an 
S-shaped curve. The number of new adopters in a given time period is a bell shaped 
curve over time with the largest frequency at the midpoint of the time interval.  In this 
approach, the rate of new adoptions over time takes the form: 
dnt
dt
=  β nt
N
(N − nt) ( 3.9 ) 
where n is the total number of adopters at time t, N is the maximum number of potential 
adopters and β is the rate of adoption. 12 
                                                 
12 The equation for cumulative adoption is 𝑛𝑛𝑡𝑡 =  
𝑁𝑁
�1+𝑒𝑒−𝛼𝛼−𝛽𝛽𝛽𝛽�
 , where α is the constant of integration, β is the 




Griliches’ groundbreaking study regarding adoption rates of hybrid corn was the 
literary platform for addressing the debate regarding functional form of technology 
adoption in agriculture (Griliches 1957).  This seminal piece focused on fitting a logistic 
curve to hybrid corn adoption rates in the US in order to explain differences between 
adoption rates in different areas of the country (Griliches 1957).  The method was to find 
ceiling adoption rates by plotting the percentage of hybrid corn planted on logistic graph 
paper.  Once this value was found the parameters of the logistic curve were found by 
estimating the linear approximation of the curve.  This method was found to explain 
greater than 89% of the variation in the data. 
In response to Griliches’ original work, Dixon repeated the study using a 
Gompertz curve as the structure of the equation to be estimated (Dixon 1980).  This was 
due to the positively skewed distribution of adoption that he observed in the data.  Using 
a test proposed by Theil, Dixon showed that the Gompertz structure definitively 
outperformed the logistic curve in two-thirds of the states analyzed.  Griliches responded 
to this piece by indicating that the added explanatory power of the Gompertz curve does 
not offset the loss of tractability and interpretability when compared to the logistic curve 
(Griliches 1980).   
Apart from these two instances, variants of the logistic curve are also popularly 
applied to technology adoption and diffusion in the literature (Feder and Umali 1993).  
One application of a variant of the logistic curve to India was performed by Gore and 
Lavaraj by implementing a model that separates the diffusion process between two 
populations (Gore and Lavaraj 1987).  The logistic curve approach was embellished 




crossbred goats in villages surrounding a city in India.  They found that using the new 
model which accommodates the dynamics of internal communication between villagers 
and village-city communication more appropriately estimated the peak adoption of the 
technology in the villages.  Since the national vaccination of FMD requires cooperation 
with livestock owners, these communication dynamics also have implications for the 
dynamics of vaccinations.  The communication dynamics of the village were modeled in 
the following manner: 
dn2t
dt
=  (β1n1t + β2n2t + β3n1tn2t) (N2 − n2t)  ( 3.10 ) 
where subscript 1 indicates the town and subscript 2 indicates the village area.  The city 
adoption dynamics were modeled in the structure seen previously in equation 3.9 
containing only city specific parameters.  A simple logistic approach estimated a peak 
adoption for the data that was inaccurately twice as large as the modified logistic 
analysis. 
Other model structures such as the log-normal and flexible logistic models have 
found various applications when adoption rates are skewed over time (Feder and Umali 
1993).  However, the logistic curve continues to be the most frequently used approach.  
Throughout this discussion regarding the functional form of adoption and diffusion 
processes, a reoccurring theme is that ceiling rates of adoption should be estimated 
endogenously and allowed to change over time (Griliches 1957, Dixon 1980, Griliches 
1980, Knudson 1991, Feder and Umali 1993).  One way to do this, which will be 





Subsequent work using the logistic adoption approach includes relaxing the 
assumption that the total potential number of adopters is constant over time.  This was 
one assumption that Knudson relaxed in applying the model to semi-dwarf wheat 
varieties (Knudson 1991).  The theoretical model she used defines the maximum number 
of adopters (N from equation 3.9) in the following manner: 
N = c − ap(t)   ( 3.11 ) 
where p(t) is the prices paid by the consumer in time period t.  This equation is applied in 
the model by making p(t) a function of three prices lagged by one year.13  These prices 
were the price of the output good, the price of the inputs (excluding technology cost) and 
the price of the technology.  She found that this augmentation of the model was superior 
to the approach using a constant total number of adopters.14   
 Another variation of the standard approach to modeling technology adoption is 
the consideration of how irreversible costs impact the adoption of technology.  This 
aspect was explored concerning cotton production systems in California (Baerenklau and 
Knapp 2007).  Imposing an irreversible element to the analysis of a technology leads to a 
bias that greatly lengthens the time that it takes to reach full market penetration.  Thus, 
unless there is significant reason to include irreversibility as part of the adoption process 
                                                 
13 This equation is applied to the commodity for which the technology is designed (in this case wheat).  The 
prices include the price of the technology as well as input and output prices. 
14 This approach of adding market factors to describe technology adoption dynamics is largely attributed to 
Metcalfe (Metcalfe 1981).  In a paper from 1981 he endeavored to provide a basis for including production 
parameters in the evaluation of the diffusion of an innovation into the market.  Linking adoption rates and 
the diffusion process to production parameters as well as prices of the technology was a key contribution 
that this study provided to the literature.  One interesting comment that Metcalfe mentions is that observing 
a truly logistic adoption curve in reality would be extremely coincidental due to the many market forces 




of a technology, it should not be included.15  The resulting paths of the adoption of the 
drip irrigation technology are the familiar sigmoid shape which is elongated across time 
if the technology is irreversible or has uncertainty. 
To accommodate criticisms of homogenous adopters and only one source of 
information, the so-called “new product growth model” (also called the Bass model) was 
proposed which divided potential adopters into leading adopters who are on the edge of 
new innovations and followers who imitate what the leaders adopt (Bass 1969, Feder and 
Umali 1993, Geroski 2000).  The theoretical form of the Bass approach is below: 
dnt
dt
=  β0(N − nt) +β1nt(N− nt)   ( 3.12 ) 
where β0 is the rate for the population who is influenced by exogenous information 
(innovator rate) and β1 is the rate for those who are influenced by others individuals 
(imitator rate, word of mouth diffusion).  An influential paper by Akinola used this model 
to investigate the adoption of chemical spraying technology for cocoa farmers in Nigeria 
(Akinola 1986). The method used was to run a time-series regression explaining new 
adopters by quadratic function of lagged total adopters of the technology.  From this 
analysis, he was able to determine that the Bass model was not superior to the standard 
diffusion model.   
Akinola later investigated the Bass model using dynamic variables for the 
adoption rates of innovators and imitators (Akinola 1986).  This approach was also 
applied to the same market: chemical-spraying technology among cocoa producers in 
Nigeria.  It was found to perform better than the static Bass model of diffusion.  The 
                                                 
15 It would seem that the vaccine technologies in question could be abandoned at no cost thus irreversibility 




method used to incorporate this flexibility into the Bass approach was to include 
advertising expenditure by the chemical companies, farmer contact with extension agents, 
and the price of cocoa.16  These parameters significantly impacted the rate of innovator 
adoption, the rate of imitator adoption, and the total number of potential adopters 
respectively. 
Given the large body of literature that successfully applies the logistic curve in 
some form to technology adoption in agriculture, it can be stated with some confidence 
that this curve is the best functional form to apply when considering technology adoption 
in general.  However, technologies have cycles of influence on the market.  While the 
introduction of a technology into a market often follows a logistic curve, subsequent 
periods of the cycle need to take a more complex approach by including disadoption.   
Regarding disadoption of agricultural technologies, Dinar and Yaron contributed 
significantly to this line of modeling (Dinar and Yaron 1992).  They focused their study 
on the disadoption of irrigation technologies in Israel and the technology cycles for these 
technologies.  The initial diffusion rate of the technology was estimated using a logistic 
curve structure with prices for crops, water and technology capital cost.  The 
abandonment process was estimated using an additive quadratic term to the cumulative 
number of adopters.17  The cumulative share of adopters was modeled as follows: 
nt =  
N
�1+e−α−βt�
+ t[b1t2+b2t+b3]  ( 3.13 ) 
                                                 
16 Applying this to the control of foot and mouth disease in India, expenditure on a publicity campaign 
could be modeled in a similar manner to understand the spread of vaccinations. 
17 This was called a quadratic logistic approach and attributed to “SAS 1985” which was not listed in the 
references and is not what is commonly called a “quadratic logistic” equation where Euler’s number is 




where α is the constant of integration, β is a linear function of input and output prices, N 
is the peak share of adoption and b1, b2, and b3 are estimated coefficients determining the 
disadoption path. 
Probit Models 
 The studies discussed thus far have been using models called “epidemic” models 
and are theoretical approaches to explicit functional forms of a technology adoption curve 
over time (Geroski 2000).  Another way to explain the underlying rationale is to assume 
information about a new technology diffuses as individuals communicate with one 
another about the technology.  These can take a modified exponential curve form where 
the source of information about a technology is from one central location.  A logistic 
curve is obtained as agents adopt the technology via interaction with previous users.  
While using a combination of a central location and interaction between adopters can also 
be an approach to modeling diffusion, if two firms obtain dramatically different profits it 
may not matter how much peer pressure or advertising is experienced.  One rational 
profit-maximizing firm will decide not to adopt if it is not profitable while another one 
does adopt due to greater profits.  Thus, all of the approaches that focus on the diffusion 
of information about an innovation may be lacking an appropriate treatment regarding the 
differences among firms when addressing the exploration of the technology diffusion 
process.  
When differences in firms are significant in driving the adoption of a technology, 




lead to technology adoption in particular circumstances.18  In this context, “Probit” 
models are those which link diffusion rates to differences in firms (Geroski 2000).  This 
approach originates from the idea that new adopters must be persuaded to adopt a new 
technology rather than simply informed of its existence. There is large consensus in the 
literature that smaller firms adopt technology more slowly than larger firms (Geroski 
2000). Other factors that are frequently considered as impacting adoption rates are 
supplier characteristic/market structure and the cost of obtaining the skill to use the 
technology/learning costs.  There are a substantial number of studies that use the probit 
approach to investigate various traits of adopters of a technology.  The following will 
overview a few selected articles that are applied to livestock and/or India. 
 The most common (and probably most apparent) way to delineate participants in 
agricultural production is via environmental/resource endowment/climate/agroclimatic 
conditions.  This is the focus of Jansen et al. in an analysis of how peak adoption rates of 
varieties of grain are impacted by regional characteristics in various parts of India (Jansen 
et al. 1990).  They discuss how the adoption of technology follows a sigmoid curve in the 
areas where it is most profitable.19  The other areas adopt new variants of the technology 
later in a sigmoid curve that is additive to the existing ceiling adoption rate from the first 
technology.  This conceptual framework of technology adoption motivates imposing a 
cut-off time period (where there is peak adoption of the initial innovation) when 
                                                 
18 As with any sector, fluid milk producers in India are not a perfectly homogenous group.  Indeed, 
crossbred cattle tend to be more susceptible to severe cases of FMD compared to indigenous and buffalo 
bovines.  On the other hand, the government is distributing and purchasing the vaccines so the differences 
in adoption behavior of the vaccine can be thought of as driven by farmer behavior in reaction to markets 
and not differences between bovine breeds. 
19 The sigmoid curve relates to the problem for India as the participation in the program.  This is the inverse 




estimating technology adoption rates.  This is an alternative approach to allowing the 
peak adoption rate to be endogenous and time-varying.  Adoption ceilings of wheat and 
rice had similar diffusion processes.  The majority of ceilings for these crops were 
between 76-100%.  Sorghum and pearl millet had similar patterns to each other where the 
most frequent adoption ceilings were around 50%.  Adoption ceilings of maize were most 
frequently between 0 and 25%.  For maize, infrastructural and agroclimatic variables 
were both significant in explaining regional variability.  For sorghum and pearl millet, 
agroclimatic variables were 1.5-2 times more important than infrastructural variables.  
They found that regions with lower rainfall had higher levels of ceiling adoption rates of 
new sorghum varieties.  These results suggest that if infrastructure components are more 
important to the adoption of a commodity (as in the case of maize), this may lead to 
lower peak adoption rates compared to commodities that are dominated by agroclimatic 
variables (sorghum and pearl millet).  For the crops analyzed, lower peak adoption rates 
followed when infrastructure characteristics were important to the adoption of the 
technology. 
Apart from abiotic environmental characteristics, the impacts of social 
characteristics are often considered.  One paper taking this approach investigates the 
reasons behind unexpectedly slow adoption of crossbred cow technology in Tanzania 
(Abdulai and Huffman 2005).  A hazard model was used to investigate farmer 
characteristics that led to adoption or non-adoption of the technology.  The theoretical 
basis for this approach was discussed as a two part problem.  In the first part, the 
potential adopters are found by whether or not a profit equation is positive.  This equation 




the technology.  These effects are firm specific effects (rank effects), benefits from the 
number of other users who have adopted the technology (order effects) and benefits from 
the expected number of firms that will adopt the technology (stock effects).  Once an 
adopter has been established, the firm then maximizes the discounted return over time to 
select the optimal time period to adopt.  This approach was translated to an econometric 
model using a hazard function.  The hazard function for firm i takes the following 
structure: 
λi(t) =  
f(t)
S(t)
 ( 3.14 ) 
where f(·) is the probability that the firm will adopt due to a negative change in the net 
present value of benefits of adopting the technology in t (i.e. when the benefits are 
maximized) and S(·) is probability that non-adoption will last until this time period.   
Among variables like credit availability and age of the producer, the authors mention that 
a shorter distance to market will positively affect the benefits from technology adoption 
especially in dairy production.  The authors found that, as other studies indicate, there is a 
factor from a neighbor’s adoption of the technology that makes adoption of the 
technology faster for the producer.  This neighboring effect is more important than the 
number of individuals that have adopted the technology and the number that are expected 
to adopt.  Higher education, larger herds and shorter distance to market were also found 
to significantly increase the speed of adoption of the technology.  One might infer from 
this paper that the logistic shape of adoption rates in this instance could be attributed 
more to discussion amongst neighbors and rather than formed from expectations of first 




Another approach to distinguishing technology adoption dynamics is to 
understand the characteristics of the technology itself that makes it more or less 
pervasive.  Qaim took this focus when analyzing factors that characterized genetically 
modified seed technology availability and access in developing countries (Qaim 2005). 
The article lists several factors of Bt cotton technology that enabled it to have widespread 
adoption in India.  The technology is divisible so large and small farmers can reap 
benefits of similar proportions.  Also, the technology is easy to use so education does not 
predetermine who could adopt it.20  Lastly, Bt cotton (a pervasive technology) was 
characterized by meeting a need that is felt equally strongly by large and small farmers. 
Often discussions about technology adoption will center on the actual 
decision/leap to adopt the technology.  It is sometimes argued that profitability concerns 
are only a portion of the mental calculation that a producer takes in determining whether 
to adopt a technology.  One approach is to survey producers regarding relevant 
technologies to determine how the producers perceive the technology and what difference 
this makes in adoption rates.  The Technology Acceptance Model (TAM) was used to 
analyze producer opinions regarding dairy technology adoption in New Zealand (Flett et 
al. 2004).  The TAM uses the perceived usefulness and the ease of use as key 
determinants regarding the adoption of the technology.  They tested the model using a 
survey method where New Zealand dairy farmers were questioned regarding the use of 
mineral supplements, pasture grass species, soil tests and cow conception technologies.  
Factor analysis was then used on the survey results to obtain the most important criteria 
in selecting technologies while fitting within the TAM.  The two factors that aligned 
                                                 




more closely with perceived usefulness and the ease of use accounted for 68% of the 
variation.  The analysis indicated that both perceived usefulness and the ease of use 
impacted technology adoption for all of the technologies in question.  The usefulness 
which was proxied by whether the technology would increase profits was twice as 
important as the ease of use and easy to understand factors.  In this instance, profitability 
metrics captured the bulk of the drivers of adoption dynamics.  
 Regarding characteristics of technology adoption for cattle production in India, 
two notable papers take a logit regression approach to determining producer 
characteristics that suggest greater adoption rates.  The goal of the first study was to 
determine which factors drive the adoption of vaccines for bovine diseases in India 
(Suresh et al. 2007). A logit regression analysis was used to indicate which parameters 
make a farmer more likely to vaccinate.  The authors found that producers were more 
likely to vaccinate if the production system was large and if crossbred cattle were owned. 
The second study considers five dairy technologies and how they were adopted and 
disadopted in a region of India (Basunathe et al. 2010).  The most widespread technology 
was concentrate feeding (73.0%) followed by vaccination (68.1%), artificial insemination 
(47.1%), deworming (18.6%), and mineral mixture feeding (12.4%).  The reasons that led 
to adoption of artificial insemination technology were “good crossbred calves”, “better 
conception rate” and “non-availability of local bull”.  The reasons that led to full 
adoption of deworming technology included increased milk yield and better feeding as a 
result of deworming.  The most common reason not to adopt deworming technology was 
lack of knowledge regarding the technology.  Vaccination technology was not adopted 




vaccination technology, it was due to the expectation that it would prevent disease. 21  
Concentrate feeding was not adopted due to the thought that the technology would not be 
worthwhile to use on cattle with low milk production and if the respondent self-identified 
as non-commercial.   This technology was adopted due to increased fat quantity in the 
milk and an overall increase in milk produced.  Mineral mixture feeding was not adopted 
due to small scale production and lack of knowledge about the technology.  It was 
adopted due to increased milk production and if water and feed were available for 
sufficient intake.  Broad characteristics of a producer that led to high adoption include 
greater education, closer to market and larger farm size. The authors consider each of 
these technologies to be simple.  Thus they conclude that the “socioeconomic condition 
and infrastructure” characteristics of a region appear to be more important in determining 
whether technologies will be adopted.  On the other hand, it is plausible that deworming 
and mineral mixture feeding technologies do not meet as pervasive a need or are not as 
profitable.  One conclusion to be drawn is that a highly adopted technology in India will 
have similar characteristics (of meeting producers’ needs in a certain manner, ease of 
distribution/use, etc.) to concentrate feeding and vaccines. 
 Just as there are probit and logit approaches to technology adoption, there are 
logit studies regarding the characteristics of individuals that disadopt a technology.  The 
pattern of adoption (and disadoption) of recombinant bovine somatotropin (rBST) has 
been the subject of agricultural studies regarding the characteristics of disadopers.  One 
paper investigating this topic sought to determine what characteristics of dairy farmers 
                                                 
21 A reduction in the national prevalence of FMD also improves the conception rate of bovines since 
delayed conception can be an outcome of infection from FMDV.  Yields are also improved when animals 
that would have been morbid are instead healthy.  For the vaccination program, veterinary service is not 




would drive early adoption versus late adoption, nonadoption and disadoption of highly 
politicized molecular biotechnology (Barham 2004).  The authors suggest that if 
disadoption is not taken into account, the adoption parameter estimates of the rBST 
technology may be biased.  Three modeling approaches were used to analyze panel data 
from a survey of ~400 Wisconsin dairy farmers.  These were a multinomial logit, random 
effects logit and another random effects logit using lagged variables for the variables 
where endogeneity was a concern.  Of the sampled farmers, 40% who used the rBST 
technology were not using it in the most recent year.  Education was not found to be a 
significant factor leading to adoption.  Adoption of the technology was found to be 
significantly affected by herd size and the use of total mixed ration systems where a 
positive change in these explanatory variables led to an increase in adoption rates.  
Another paper analyzing disadoption of rBST focused only on disadoption using a 
switching regression to estimate the characteristics of disadopting a technology (An 
2013).  This method allows the introduction of the disadoption decision as dependent 
upon the adoption decision.  Previously studies did not use this structure to analyze the 
adoption decision.  Two models are estimated with one model analyzing the first decision 
to adopt and the second model analyzing the decision to continue to use the technology.  
These models are shown in the equations below: 
y1∗ =  x1β1 + ε1,  y1 = 1 if y1∗ > 0, 0 otherwise ( 3.15 ) 
y2∗ =  x2β2 + ε2,  y2 = 1 if y2∗ > 0, 0 otherwise ( 3.16 ) 
where xi is the vector of explanatory variable and the β’s are the estimated parameters, y1 




disadopted).  Both models use operating margins per head and net returns per head as an 
indication of the profitability of adopting/disadopting the technology.  A surprising result 
of the study is that if the producer did not adopt rBST, the education parameter had a 
significant negative correlation to operating margin and net returns.  The authors suggest 
this may be due to education serving as a proxy for the inverse of experience.  Non-
adopters who were more educated were perhaps less experienced in farming while older 
farmers that did not adopt had more experience farming.  Another result is that 
disadoption of rBST was found to negatively impact operating margin and net returns for 
a producer.  In the summary statistics of the data, current users of rBST had a higher 
frequency of a college education, larger herd size, greater milk production, more complex 
business structure and adoption of other technologies related to tracking cow 
performance and feeding technologies.22   
The previously discussed literature indicates that disadoption of a technology can 
be high.23  However, there is indication that disadopters are not the most profitable firms 
and may even be exiting the market.  Thus, although disadoption is thought to impact 
dairy technology adoption rates, these dynamics are once again best explained via 
profitability measures and market dynamics.   
Network Models 
 Some of the “Probit” studies that characterize firm specific aspects of technology 
adoption also allude to a communication characteristic, that is the effect of neighbors, on 
                                                 
22 One odd characteristic of the data is that over half of the sample was “out of business by 2010” (An 
2013). 
23 A successful vaccination program for FMD requires the administering of vaccines twice a year.  This 
means that if the vaccine is viewed negatively by producers, it could become likely for a farmer to cease 




adoption rates (see Abdulai and Huffman 2005).  This type of discussion is also found in 
the literature regarding epidemic models where “word of mouth” influences are the 
underpinnings for the diffusion path.  The third approach to technology adoption is one 
that focuses mainly on determining the mechanics of how networks and the interaction of 
individuals impact technology adoption (Geroski 2000).  When analyzing this particular 
aspect of technology adoption theoretical approaches have used expected utility theory as 
well as prospect theory and maximin expected utility to motivate how networks impact 
diffusion (Maertens and Barrett 2012).  Modeling the learning about a technology is also 
an aspect of network impacts.  This is most commonly done using Bayesian updating.  
Much of the support for this approach can be found in more recent theory regarding 
collective or ‘herd’ behavior which motivates a rationale for a more complicated picture 
of networks that may lead to decisions that are not optimal.   
Banerjee’s progressive work on herd behavior has impacted many areas of 
economics including technology adoption in agriculture (Banerjee 1992).  The goal of 
this paper was to explain how people often make decisions that correspond to previously 
observed decisions made by others.  This phenomenon was described as a “herd 
externality” and was mathematically described using a decision tree game where agents 
make sequential decisions based on information from the previous agents.  This approach 
demonstrates that herd behavior will occur (along with suboptimal equilibrium) when 
there is not a sufficient payoff to being the first agent to get the correct choice.  Imperfect 
information may lead to undervalued payoffs.  This literature provides the theoretical 




importance of networks supersedes strict profitability metrics in the technology adoption 
decision.   
This is precisely the approach that a recent paper took to evaluate fertilizer 
application in Ghana (Conley and Udry 2010).  This paper applied a model of learning to 
technology adoption impacting pineapple production in Ghana.  The model of learning 
about the technology is framed in terms of a production function that is unknown to the 
farmer but is learned over time.  An expected profits function is thus maximized in each 
time period that incorporates a given input level based on average profits of all observed 
production (i.e. neighboring and own production).  The production function is updated by 
taking the difference between expected profit and observed profit.  As more experience is 
obtained, the absolute value of the difference is less impactful on adjusting the production 
function.  They analyzed this structure of adoption behavior of producers via a probit 
model of adoption.  They found that producers tended to be influenced by others with 
similar soil and made adjustments to fertilizer use more often when realized results were 
poorer than expected. 
Another paper discusses the dynamics behind technology adoption and diffusion 
and the role of social networks as it pertains to India (Maertens and Barrett 2012).  Social 
networks in India were explored using data regarding the use of Bt cotton.  Farmers 
interviewed had inaccurate opinions regarding the yield, input use, and other production 
parameters of their neighbors.  As expected, links are more likely between individuals if 
they are part of the same “sub-caste” or are spatially close.  Education and income were 
not reliable indicators of links between farmers.  On the other hand, similar production 




Although social network approaches and social learning do provide support to the 
notion of a logistic function, the literature has not progressed to the extent that these 
aspects of technology adoption can be included in modeling efforts generally and must be 
applied to very specific situations.  Thus, when modeling a priori adoption of a 
technology it is more tractable to assume a logistic uptake of the technology conditioning 
the speed and end adoption rate on relevant parameters such as farm size, relevance of the 
technology in question, etc. 
Summary of Technology Adoption and Diffusion Literature 
 There are numerous approaches to augment a standard S-curve model of diffusion 
or show how S-curves are not observed due to competition, information cascades, sunk 
costs of adopting the technology, failed technologies, etc.  However, for a well-designed, 
successfully marketed technology, the consensus of the literature is that a logistic, S-
shaped curve is the most appropriate function for diffusion of a technology (Geroski 
2000).  Indeed, a government funded vaccination program would be expected to closely 
follow a logistic curve as a function of time.  This function would still need to be 
estimated with appropriate data.  The next section discusses household production 
behavior. 
 
3.4 Religious and Cultural Dynamics of Household Production Behavior 
Religious, cultural and social dynamics can be important determinants of 
economic modeling.  When considering milk production in India, a classic debate is 
whether it is affected by the social and religious views of the Indian culture.  If so, this 




maximization approaches.  In addition to these complexities, production of milk often 
occurs at a household level that also has complexities that are not part of a typical profit 
maximizing production function.  This section of the literature review addresses how 
subsistence household production of agricultural commodities impacts the utility 
maximization problem and what role the Indian religious and social context might play in 
influencing milk production.   The beginning portion of this section will briefly discuss 
the relevance of the Hindu belief system and how it impacts the supply of milk in India.  
The latter portion of this section of the literature review will discuss subsistence 
household production behavior. 
The “Holy Cows vs. Cash Cows” Debate 
In the 1960’s and 1970’s, the debate regarding India’s cattle population was 
whether more milk output could be obtained by slaughtering large numbers of cattle and 
focusing on superior nutrition access for smaller numbers of cattle versus the status quo.  
Supporters of the large reduction in cattle population numbers often referred to the 
religious importance of the cow in India to justify their position of the existence of a large 
surplus cattle population.  They saw inefficiency in the market driven by religious 
preferences that propped up the bovine population.  In response to this issue, Rao 
determined that it was important to analyze the specific production functions of milk and 
dung production for dairy farmers in India (Rao 1969).  By estimating parameters for a 
Cobb-Douglas production function, he sought to provide evidence to support why the 
cattle herd in India did not have a large surplus population.  The average of three separate 
annual average milk production functions was: 




where the milk yield is the quantity of milk produced per milk animal in one year, feed is 
the value of feed per milk animal per year and labor is the annual value of labor input per 
animal.  The sum of the elasticities for the three years estimated was reported as “not 
significantly different” from one.  He suggested that the estimated production functions 
supported the Cobb-Douglas specification.  Using the results, he reasoned that the cattle 
population is approximately at the optimal or desired level by Indian farmers. 
Another article that tackled the surplus cattle problem was written by K.N. Raj 
(1971).  The specific problem being addressed was whether Indian cattle owners behave 
rationally or are pulled by strong religious practices that override typical profit 
maximization models of cattle ownership.  The reason for the presence of a large surplus 
cattle population is the primary problem being investigated.  The author discusses several 
sources which suggest the rationale behind a large surplus cattle population in India at 
that time.  He then suggests that these surpluses are not static surpluses motivated by 
cultural preferences but are rather periodic surpluses as the result of sluggish adjustments 
to optimal herd size as seen in the quantities of capital equipment for construction and 
machinery.   Despite the cultural significance of cattle in India, the author argues that the 
large cattle population is a consequence of rational decisions by small and large farmers.  
This debate was raised again recently by two papers from the National Bureau of 
Economic Research (NBER).  Both papers use a method set forth by Anagol et al. where 
the rate of return for a milk producing animal was calculated from the change in price 
from one year to the next plus the profit of that year as shown below: 
Rate of Return = (𝑃𝑃𝛽𝛽−𝑃𝑃𝛽𝛽−1+𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖𝑡𝑡𝛽𝛽)
𝑃𝑃𝛽𝛽−1




where profit is the revenue from milk, dung and calves less the cost of fodder, artificial 
insemination and veterinary services (Anagol et al. 2013).  The price is the age dependent 
price of an animal in that year.  They found that the rate of return was slightly positive for 
the group surveyed but if the cost of labor was included, the average return was 
considerably negative at -64% for cows and -39% for buffaloes.  These results launch the 
authors into several methodological and behavioral explanations for why these results 
might have occurred.  One explanation of note is the age-old discussion regarding 
whether social and religious values can lead to equilibrium with the existence of non-
profitable investments.  The authors promote this last explanation as a key puzzle 
(Anagol et al. 2013).  
In response to this interesting discussion, an article aptly titled “Holy Cows or 
Cash Cows” was written (Attanasio and Augsburg 2014).  The authors use the 
methodology presented by Anagol et al. except they extend the results and analyze data 
from three years: 2008, 2009, and 2012.  They found that producers in India will hold on 
to cattle even if there is a negative short run return for production.  Some years are 
positive and some years are negative.  Thus they demonstrate that the decision of owning 
cattle in India can be explained through traditional economic profit measures and does 
not need to incorporate social, religious, or other odd metrics.  They conclude that an 
intertemporal perspective is important when analyzing rates of return for milk producing 
animals in India. 
From this brief survey of the literature it is apparent that profitability plays a 
strong role in determining the supply of milk producing animals and should be included 




able to adequately address the economic puzzles that seemingly arise from cultural or 
religious preferences.24  Cattle and buffalo are investments that have rates of return that 
change over time, impacting the profitability of ownership. 
Subsistence Household Production 
There may be more aspects to household production than cattle simply serving as 
investments and inputs in a profit maximizing enterprise.  One scenario that would 
require different incentives for production suggests that cows are used to provide much 
needed nutrition found in their milk and that the sale of milk takes secondary importance.  
The following text will describe the subsistence household production model and the 
theory underpinning it. 
A very good discussion of household production models is contained in a book by 
Singh et al. from 1986 (Singh et al. 1986).  They presented household production models 
with a goal of how the modeling work can be applied and used for appropriate 
policymaking in the agricultural sector.  In the introduction, the authors separate truly 
subsistent households where the labor, consumption and production decisions are made 
simultaneously versus a partially commercial situation where some inputs are purchased 
and some outputs are sold. Decisions in the latter situation are made sequentially.  The 
household will hire labor until the marginal revenue of another laborer equals the wage 
rate.  This decision can be made without determining how much output it will consume 
and how much labor it will supply.  Consumption is then dependent on the production 
decisions.  The income that the household is able to achieve determines the level of 
consumption that is possible.  The authors speak of a “profit effect” where the income 
                                                 




effect on utility is determined by the profit from the production decisions.  This is shown 
in the diagram below: 
 
Figure 3.1 Recursive Stages of the Subsistence Household Production Model 
 
The diagram illustrates the one-way flow of decisions from production to consumption 
for utility.  The key assumptions leading to this view of the world are that the households 
are price takers in the output and labor markets.  This recursive model should be used 
unless there is substantial reason to assume that the household is not a price-taker in the 
labor market (or the output commodity market). 
The basic household production model uses this recursive structure in a utility 
maximization context.  This is constrained by an equation that sets the value of the 
market purchased good equal to the value of the sold surplus minus the labor cost.  True 
to form for utility maximization exercises, a time constraint on labor is also included 
where household time is equal to family labor and leisure.  The production constraint sets 
the quantity produced equal to some transformation function utilizing labor and a fixed 
amount land.  Prices are treated as exogenous.  The result is that utility is maximized 
subject to the production function, time constraint and a budget constraint.  Utility is 
max𝑈𝑈(𝑋𝑋1, … ,𝑋𝑋𝐿𝐿) ( 3.19 ) 
where Xi is the quantity consumed of commodity i and XL is the leisure time.  The budget 
is 
Production 






𝑌𝑌 = ∑ 𝑒𝑒𝑖𝑖𝐿𝐿𝑖𝑖=1 𝑋𝑋𝑖𝑖 ( 3.20 ) 
Y is full income of household, pi is the price of commodity I (pL is wage rate) and L is 
leisure.  The full income is 
𝑌𝑌 = 𝑒𝑒𝐿𝐿𝑇𝑇 + ∑ 𝑞𝑞𝑗𝑗𝑄𝑄𝑗𝑗 −𝑀𝑀𝑗𝑗=1 ∑ 𝑞𝑞𝑖𝑖𝑉𝑉𝑖𝑖 − 𝑒𝑒𝐿𝐿𝐿𝐿 + 𝐸𝐸𝑁𝑁𝑖𝑖=1  ( 3.21 ) 
where T is the time endowment, Qj is the output, Vi is the nonlabor variable input, L is 
labor demand, qj is price of Qj, qi is price of Vi and E is exogenous income.  The 
production function is 
𝐺𝐺(𝑄𝑄1, … ,𝑄𝑄𝑀𝑀,𝑉𝑉1, … ,𝑉𝑉𝑁𝑁,𝐿𝐿,𝐾𝐾1, … ,𝐾𝐾0) = 0 ( 3.22 ) 
where Ki is a fixed input.  The household maximizes Equation 3.21 subject to Equation 
3.22 and then maximizes Equation 3.19 subject to Equation 3.20.  The model is recursive 
since the optimal consumption cannot be determined until the income level is calculated 
via a production function constraint. 
The authors conclude the chapter on the theory behind household production 
models by indicating that convincing reasons must be proposed in order to justify the use 
of a non-recursive model.  The authors state that the recursive nature of modeling 
household production is the best approach. 
Singh et al. proceed to discuss the situation where prices are determined 
endogenously.  The prices are shadow values incorporating the utility preferences and 
production limits.  This approach allows consumption behavior where prices do not 
directly influence the consumption decision. This is an appropriate approach when 
markets do not exist. However, this does not address the case where a market is present 




function (a specialized form of a linear expenditure system function) where the minimum 
consumption bundles for nutrition are stated explicitly is another way to obtain 
subsistence levels of consumption that are not determined by market prices.  A typical 
Stone-Geary utility function is as follows: 
U = 𝑛𝑛∑𝛽𝛽𝑖𝑖 ∗ ln (𝑋𝑋𝑖𝑖 − 𝛾𝛾𝑖𝑖) ( 3.23 ) 
where n is the number of family members, Xi is the per capita consumption of i and 𝛾𝛾i is 
the minimum amount held for own consumption.   
The Stone-Geary utility function can be applied to milk production in India using a 
household production model framework as discussed.  However, it is important to make 
any analysis appropriate and specific to the actual state of the fluid milk sector in India.  
For example, a recent paper investigating the regional variability of livestock 
characteristics in India found that marginal households and landless producers are more 
likely to raise small ruminants and poultry versus cattle or buffaloes (Kumar and Singh 
2014).  Furthermore, a substantial share of production from buffalos and cattle is sold to a 
market.  Thus, a subsistence household approach to milk production may not need to be a 
dominating element of the analysis.   
The next chapter describes a conceptual model of the fluid milk sector.  This model 
incorporates the details of the previous material.  The goal of the model is to develop a 
framework in which the stages of the PCP-FMD in India and their impact on the national 








CHAPTER 4. CONCEPTUAL MODEL 
In light of the unique aspects of the fluid milk market in India, the following 
conceptual framework is used to determine the impact of the stages of the FMD control 
program on the fluid milk market.  This is an idealized conceptual framework for how the 
model should be built assuming no data constraints.  The model is a dynamic, partial 
equilibrium model with international trade exogenous. The dairy sector represents a small 
portion of the Indian economy.  In 2009, the livestock sector represented 4% of total 
GDP and 26% of the output value of the agricultural sector (GOI 2009). Agriculture 
value added contributed 14.1% of India’s GDP in 2012 (GOI 2012).  The total value of 
India’s dairy sector from both of these reports is less than 5% of its total economy, a 
small share.  These details combined with the small quantity of trade discussed in 
Chapter 2 provide the impetus for a partial equilibrium framework and exogenous trade.   
A partial equilibrium approach is further justified by the high detail needed on the 
supply side to implement declining FMD rates among different bovine species in the 
sector.  It separates indigenous cow milk production from crossbred cow and buffalo milk 
production.  These three types of bovines have different yields and lengths of time before 
maturation.  They also have different susceptibility to FMD.  Since the research focus is 
on change in fluid milk production due to FMD control, fluid milk demands are 
represented by the derived demand for fluid milk as an input into milk product production.  





Although farmers receive different prices for cow and buffalo milk based on the fat 
content, these are blended to make dairy products.  Thus, the dairy product demands are 
not disaggregated between species of bovine animal. This chapter describes the 
conceptual methodology behind the model.  It lays out the vital equations and the 
reasoning behind them. 
For each bovine type, the model has equations for holding rates, heifers, cows, 
and annual fluid milk yield.  These result in three fluid milk supply equations.  Dairies in 
the formal and informal sector utilize the fluid milk via three factor demand equations 
derived from profit maximization.  Production from dairies is represented by one milk 
product supply equation and consumers are represented by two dairy product demand 
equations separating urban and rural behavior.  Lastly, four market clearing conditions 
are used to close the model.   
Apart from these characteristic economic equations, certain aspects of the supply 
equations are embellished to accommodate impacts of FMD control in the sector and 
biological differences among bovine animals.  As described in Chapter 2, FMD has four 
economically important impacts on animals: mortality, reduced lactation yield, delayed 
conception, and abortion (Saxena 1994).  These four “economic symptoms” appear in the 
relevant herd dynamics equations and differ by animal type.  Dairy product demands are 







4.1 Herd Dynamics 
Herd dynamics impact the population of adult cows in milk in the overall model.  
The herd size by bovine type is multiplied by the yield per animal to ultimately provide 
the fluid milk supply from production systems utilizing that type of bovine.  Based on 
Chapter 2, the production of milk in India is disaggregation into milk production by three 
types of bovines.  This section describes the approach and components of the herd 
dynamics portion of the model.  The approach of the conceptual model in this section is 
based on approaches in the literature where the profit maximization problem of 
production is limited by biological constraints (See Chavas and Klemme 1986, Rosen et 
al. 1994). 
Consider a producer of fluid milk in India.  This individual desires to produce an 
amount of milk that maximizes profits.  Production is limited by the number of adult 
female animals that have given birth. Without external trade, the number of animals in 
milk can only be increased by using calves from previous years that are of age to become 
replacement heifers.  Since gestation takes one year, current animals in milk are 
determined by last year’s decision to breed available heifers or rebreed current cows in 
milk.  A producer that is maximizing profits must therefore decide how many animals of 
each age he will keep in his production system.  These decisions to keep animals of a 
particular age are called retention rates and can be represented by proportions of the total 
available female milk animals.  In the aggregate, herd dynamics of the national bovine 






As mentioned in Chapter 3, the retention rate follows a growth equation form 
since retention rates take a value between 0 and 1 and are independent of the population 
size resulting in inventory of adult milk animals being a proportion of the adult 
population in previous years.  However, since the retention rates are different for each 
bovine type, they must be disaggregated accordingly. At a national level, the retention 
rate for an animal of age a and type n is: 
K𝑎𝑎,𝑛𝑛,𝑡𝑡 = 1/(1 + e−𝑋𝑋𝑛𝑛,𝛽𝛽)   ( 4.1 ) 
where K is the retention rate and X is a function of lagged prices.  The n stands for one of 
three bovine breeds which are also given symbols of I for indigenous, CB for crossbred 
and Buff for buffalo.  The equation for X is shown below: 
X𝑛𝑛,𝑡𝑡 = f(𝑒𝑒𝑛𝑛,𝑡𝑡−1,𝑒𝑒𝑃𝑃𝑒𝑒𝑒𝑒𝑓𝑓,𝑡𝑡−1,𝑒𝑒𝑏𝑏𝑒𝑒𝑒𝑒𝑃𝑃,𝑡𝑡−1)   ( 4.2 ) 
where pn,t-1 is last year’s price of fluid milk from animal of type n, pfeed is the lagged price 
of feed, and pbeef is the lagged price of beef. As discussed in Chapter 2, the slaughter of 
cattle is restricted.  Thus, the price of beef is not expected to impact the indigenous and 
crossbred retention rates.  These naïve price expectations follow the approach in the 
literature discussed in Chapter 3 (Chavas and Klemme 1986).   
After an animal is born and as it advances in age, the producer must first decide 
whether to keep the animal until it becomes old enough to be a replacement heifer.  The 
next equation represents this decision to retain an animal. It is assumed that in any given 
year, all animals in milk produce calves, of which half are female. The proportion of 
young animals that are eventually incorporated into the herd is represented by the product 





ages at which each breed reaches maturity.  Also there are shocks from the impact of 
FMD on the young animals.   
The equation for indigenous and buffalo heifers is: 
H𝑛𝑛,𝑡𝑡 = 0.5 ∗ 𝐶𝐶𝐶𝐶𝐶𝐶𝑛𝑛,𝑡𝑡−3 ∗ K0,𝑛𝑛,𝑡𝑡−3 ∗ K1,𝑛𝑛,𝑡𝑡−2 ∗ K2,𝑛𝑛,𝑡𝑡−1 ∗ (1 − 𝛿𝛿𝑛𝑛,𝐻𝐻,𝑡𝑡)   ( 4.3 ) 
where Hn,t is the number of replacement heifers of bovine type n25, COWn,t-3 is the 
number of animals in milk that gave birth in t-3, and Ka,n,t-i is the share of the cohort of 
young animals that are kept each year. The zeroth retention rate is the decision to keep 
the animal in the year that it is born.  The earliest age that these animals reach first 
lactation is four years.  Thus the year before they can be included in the milking herd is 
three years after they were born.  The last variable, 𝛿𝛿n,H,t, is the percent of heifers lost due 
to FMD.  This includes FMD impacts resulting from mortality, delayed conception and 
abortion. The resulting product of the retention rates takes a value between 0 and 1.  The 
crossbred heifer equation is similar: 
H𝐶𝐶𝐶𝐶,𝑡𝑡 = 0.5 ∗ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡−2 ∗ K0,𝐶𝐶𝐶𝐶,𝑡𝑡−2 ∗ K1,𝐶𝐶𝐶𝐶,𝑡𝑡−1 ∗ (1 − 𝛿𝛿𝐶𝐶𝐶𝐶,𝐻𝐻,𝑡𝑡)   ( 4.4 ) 
where the animals reach first lactation in three years. 
The next decision that a producer must make regarding an animal is whether to 
keep her in the milking herd. Since animals will remain in the herd for multiple years, it 
is natural to consider retention rates for each age of an adult female.  For any age i, a 
proportion of the herd of this age is retained each year that the animals are in the milking 
herd.  The age specific retention rate (Ka,n,t) is applied to the animals of age a+1.  The 
proportion of animals kept in one year determines the upper threshold retention rate for 
                                                 





the next year.  Mortality from FMD also impacts the animals in milk.  The resulting 
equation for a buffalo or indigenous inventory of adult cows is: 
COW𝑛𝑛,𝑡𝑡 = �∑ �H𝑛𝑛,𝑡𝑡−𝑖𝑖 ∗ ∏ K𝑗𝑗,𝑛𝑛,𝑡𝑡−𝑖𝑖+𝑗𝑗−3𝑖𝑖+2𝑗𝑗=3 �7𝑖𝑖=1 � ∗ �1 − 𝛿𝛿𝑛𝑛,𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡�    ( 4.5 ) 
where i is the number of lactations and the indigenous or buffalo cows are kept for up to 
seven lactations.  The retention rates (Ka,n,t) considered for each age cohort  are bounded 
by the age of maturity and the number of lactations that the animal has experienced. This 
is the age specific retention rate previously described.  The FMD shock variable (𝛿𝛿n,COW,t) 
is the percent of adult animals that die as a result of FMD.  The earliest retention rate that 
impacts the number of cows is the retention rate of animals in the last lactation when they 
were three years old.  The cow equation for crossbred cows is: 
COW𝐶𝐶𝐶𝐶,𝑡𝑡 = �∑ �H𝐶𝐶𝐶𝐶,𝑡𝑡−𝑖𝑖 ∗ ∏ K𝑗𝑗,𝐶𝐶𝐶𝐶,𝑡𝑡−𝑖𝑖+𝑗𝑗−2𝑖𝑖+1𝑗𝑗=2 �4𝑖𝑖=1 � ∗ �1 − 𝛿𝛿𝐶𝐶𝐶𝐶,𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡�    ( 4.6 ) 
where the maximum number of lactations is four. 
Milk yields have been increasing over time, respond to market dynamics and are 
also impacted by FMD.  The following equation is the result of these dynamics in the 
national milk yield of animal type n: 
𝑌𝑌𝑛𝑛,𝑡𝑡 = f�𝑡𝑡,𝑌𝑌𝑛𝑛,𝑡𝑡−1,𝑒𝑒𝑛𝑛,𝑡𝑡−1,𝑒𝑒𝑃𝑃𝑒𝑒𝑒𝑒𝑓𝑓,𝑡𝑡−1,𝛿𝛿𝑛𝑛,𝑦𝑦,𝑡𝑡�    ( 4.7 ) 
where Yn,t is the annual milk production of animal type n and 𝛿𝛿n,y,t is the percent 
reduction in national yields of breed n due to morbidity impacts from FMD.  The price of 
fluid milk for animal type n is expected to be positively related to yield.  The feed price is 
negatively related to yield.  The rationale for the direction of these impacts is that an 
increasing value of production for a profit maximizing firm provides the necessary 





increases yields but highly priced feed limits the amount that the producer is willing use 
to obtain higher yields.  The prices of feed and technology impacts are exogenous to the 
model. 
The product of yield per animal and the number of animals in milk gives the 
annual supply of milk for each breed type.  The supply of fluid milk is: 
𝑆𝑆𝑛𝑛,𝑃𝑃,𝑡𝑡 = 𝐶𝐶𝐶𝐶𝐶𝐶𝑛𝑛,𝑡𝑡 ∗ 𝑌𝑌𝑛𝑛,𝑡𝑡    ( 4.8 ) 
where Sn,f,t is the annual fluid milk production of bovine type n.  This summarizes the 
approach for modeling the herd dynamics of the sector.   The next section discusses the 
demand of fluid milk and dairy products. 
 
4.2 Demand 
This section outlays the conceptual approach to the demands for fluid milk and 
milk products in India.  The demand for fluid milk used to make milk products is derived 
from the behavior of profit maximizing, perfectly competitive dairies.  A dairy in the 
Indian context can be a commercial dairy, a milk trader, or a household that is producing 
its own milk products. These dairies produce dairy products which are consumed by 
households.  Household consumption levels are determined by utility maximization based 
on an income budget constraint.  However rural traditional households also produce fluid 
milk so a distinction is made between rural and urban demand. 
Dairies are profit maximizing firms which blend fluid milk from different bovines 
to make dairy products at output prices pp. In addition dairies are assumed to produce 
using a well-behaved constant returns to scale technology and are price takers in output 





π𝑡𝑡(P𝑡𝑡) = max P𝑡𝑡 ∗ q𝑡𝑡    𝑠𝑠. 𝑡𝑡.  𝑞𝑞𝑡𝑡  ∈ 𝑄𝑄𝑡𝑡    ( 4.9 ) 
where P is a row vector containing the output price, pp, and the prices of milk inputs, pI, 
pCB, pBuff  indicating the prices for milk from indigenous cattle, crossbred cattle and 
buffalo, and all other input prices.  q is a column vector representing a production plan 
and contains all input and output quantities, including Sp which is the supply of dairy 
products.  Q is the technically feasible, production possibilities set of inputs and outputs.  
Using Hotelling’s lemma the resulting dairy products supply equation is: 
𝑆𝑆𝑝𝑝,𝑡𝑡(p𝑝𝑝,𝑡𝑡, p𝐼𝐼,𝑡𝑡, p𝐶𝐶𝐶𝐶,𝑡𝑡, p𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑡𝑡, w𝑡𝑡) =
∂π𝛽𝛽(P𝛽𝛽)
∂𝑝𝑝𝑝𝑝,𝛽𝛽
       ( 4.10 ) 
where w is the composite price of all other inputs apart from fluid milk.  The composite 
price for all other inputs is exogenously determined in the rest of the economy.  This 
equation is the supply of dairy products (Sp) as a function of input and output prices. 
Input price parameters are expected to have non-positive signs and the output price 
parameter has a non-negative sign.  This is the result of profit maximization and the 
positive semi-definiteness of the bordered Hessian (Varian 1992).  A similar approach 
results in the derived demand for milk from indigenous cattle by applying the envelope 
theorem to 4.9:  
∂π𝛽𝛽(P𝛽𝛽)
∂𝑝𝑝𝐼𝐼,𝛽𝛽
= −𝐷𝐷𝐼𝐼,𝑃𝑃,𝑡𝑡(p𝑝𝑝,𝑡𝑡, p𝐼𝐼,𝑡𝑡, p𝐶𝐶𝐶𝐶,𝑡𝑡, p𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑡𝑡, w𝑡𝑡)       ( 4.11 ) 
where pI is the price of milk from indigenous cows.  DI,f,t is the demand for fluid milk 
from indigenous cows. Rearranging the expression gives the derived demand in a more 
conventional form. The price of milk from indigenous cows has a parameter that has a 
non-positive value in the factor demand equation for this milk.  This is also the result of 





this provides informative expectations about the sign of substitute price parameters 
(Varian 1992).  The substitute fluid milk prices (pCB,t and pBuff,t) as well as the output 
price of dairy products should have positive parameters.  The equations for crossbred and 
buffalo cows are shown below: 
∂π𝛽𝛽(P𝛽𝛽)
∂𝑝𝑝𝐶𝐶𝐶𝐶,𝛽𝛽
= −𝐷𝐷𝐶𝐶𝐶𝐶,𝑃𝑃,𝑡𝑡(p𝑝𝑝,𝑡𝑡, p𝐼𝐼,𝑡𝑡, p𝐶𝐶𝐶𝐶,𝑡𝑡, p𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑡𝑡, w𝑡𝑡)       ( 4.12 ) 
∂π𝛽𝛽(P𝛽𝛽)
∂𝑝𝑝𝐶𝐶𝐵𝐵𝐵𝐵𝐵𝐵,𝛽𝛽
= −𝐷𝐷𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑃𝑃,𝑡𝑡(p𝑝𝑝,𝑡𝑡, p𝐼𝐼,𝑡𝑡, p𝐶𝐶𝐶𝐶,𝑡𝑡, p𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑡𝑡, w𝑡𝑡)       ( 4.13 ) 
where DCB,f,t is the demand of fluid milk from crossbred cows and DBuff,f,t is the demand 
of fluid milk from buffaloes.  The signs of the price parameters from the indigenous case 
are applied, mutatis mutandis, to each fluid milk demand.  The equations are relationships 
from the profit functions of the dairies to demand of fluid milk.  This allows the 
estimation of equations for derived demand. 
The product demand equations disaggregate rural and urban demand due to 
different behavior of rural and urban households based on the subsistence household 
literature discussed in Chapter 3 and the customary treatment of consumer preferences in 
India discussed in Chapter 2.  Households seek to maximize utility limited by a budget 
constraint. This results in urban demand for dairy products as: 
D𝐵𝐵,𝛽𝛽
Pop𝐵𝐵,𝛽𝛽
= 𝑓𝑓(𝑒𝑒𝑃𝑃,𝑒𝑒𝑝𝑝, 𝐼𝐼𝐼𝐼𝐶𝐶𝐵𝐵,𝑡𝑡)       ( 4.14 ) 
where the subscript u denotes the urban sector, Du is the quantity of dairy products 
demanded by the entire urban sector, Pop is population of the sector and INC is the urban 
per capita income, pp, and po, are the price of dairy products and the prices of other 
goods. The parameter on income is expected to be positive since an increase in income 





have a negative parameter.  The variable po is a vector of all prices in the consumers’ 
choice set apart from the price of dairy products. Rural demand is also obtained by 
considering utility maximization subject to a budget constraint.  However, the income of 
the rural milk producing households includes revenue from the sale of milk not 
consumed.  This is shown below: 
D𝑟𝑟,𝛽𝛽
Pop𝑟𝑟,𝛽𝛽
= 𝑓𝑓(𝑒𝑒𝑃𝑃,𝑒𝑒𝑝𝑝, 𝐼𝐼𝐼𝐼𝐶𝐶𝑃𝑃,𝑡𝑡)       ( 4.15 ) 
where each variable takes the same interpretation as the urban dairy product demand 
except it is applied to rural dairy product demand.  Income for rural households can be 
generated by milk production activities.  This variable is defined by surplus quantities of 
fluid milk from traditional milk production activities. In aggregate, the value of the 
marketed milk for each bovine type is summed and added to the income from all other 
income generating activities undertaken by the household.  This results in rural per capita 
income taking the following specification: 
𝐼𝐼𝐼𝐼𝐶𝐶𝑃𝑃,𝑡𝑡 = �𝐼𝐼𝑃𝑃 + (p𝐼𝐼 ∗ (𝑆𝑆𝐼𝐼,𝑃𝑃,𝑡𝑡 − 𝑐𝑐𝐼𝐼,𝑡𝑡) + p𝐶𝐶𝐶𝐶 ∗ (𝑆𝑆𝐶𝐶𝐶𝐶,𝑃𝑃,𝑡𝑡 − 𝑐𝑐𝐶𝐶𝐶𝐶,𝑡𝑡) + p𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃 ∗ (𝑆𝑆𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑃𝑃,𝑡𝑡 −
𝑐𝑐𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑡𝑡))� /𝑃𝑃𝑃𝑃𝑒𝑒𝑃𝑃,𝑡𝑡       ( 4.16 ) 
where Io is the income from all other activities apart from fluid milk production and cn,t is 
a constant consumption of milk from animals managed by rural households keeping an 
animal of breed n.  The income for the rural household is the income generated from fluid 






4.3 Model Closure 
The recursive structure of the model gives a situation where the supply of fluid 
milk is predetermined and price adjusts.  Thus the demand must be estimated in its 
inverse form with pp as the dependent variable.  The overall demand of milk products is 
the sum of the urban and rural quantities demanded.  The market clearing condition for 
dairy products includes the supply of dairy products and net trade: 
𝐷𝐷𝑝𝑝,𝑡𝑡 = 𝐷𝐷𝐵𝐵,𝑡𝑡 + 𝐷𝐷𝑃𝑃,𝑡𝑡 = 𝑆𝑆𝑝𝑝,𝑡𝑡 + 𝑀𝑀𝑡𝑡 − 𝑋𝑋𝑡𝑡       ( 4.17 ) 
where the Dp,t is the total quantity of dairy products demanded, Mt is imports at time t and 
Xt is exports.  Imports and exports are exogenously determined.  This aligns with the 
small share of trade compared to total production of dairy products as discussed in 
Chapter 2. 
Each type of fluid milk (shown in equations 4.11-4.13) also has a market clearing 
condition where the demand from dairies is satisfied by the supply from production 
systems that are managed with a goal of maximizing profits. These three conditions for 
fluid milk are represented by the following equation: 
𝐷𝐷𝑛𝑛,𝑃𝑃,𝑡𝑡 = 𝑆𝑆𝑛𝑛,𝑃𝑃,𝑡𝑡 − 𝑐𝑐𝑛𝑛,𝑡𝑡       ( 4.18 ) 
where the Sn,f,t is the fluid milk supply from type n animals managed for profit 
maximization and  cn,t is a subsistence consumption of milk from animals managed by 
utility maximizing households.  To provide further clarification, the demand and supply 
equations for each type of bovine milk are functions of the respective price of milk (e.g. 







4.4 Summary of Model 
The conceptual model can be summarized as a partial equilibrium model where 
the market is closed and the market conditions inside of India drive price determination.  
This follows from the discussion of trade in Chapter 2.  The relationships between key 
participants are described using support from economic theory to project expected signs 
of parameters.  The inventory of cows is treated as an investment decision for 
commercial systems and a utility decision for traditional farms.  The fluid milk is 
purchased by dairies and is transformed into milk products.  The milk products are 
produced by urban and rural consumers.  Figure 4.1 is a diagram illustrating the overall 
structure of the model. 
Below are the full set of 29 equations for the conceptual model beginning with 
supply equations: 
K0,𝑛𝑛,𝑡𝑡 = 1/(1 + e−𝑋𝑋𝑛𝑛,𝛽𝛽)   ( 4.19 ) 
X𝐼𝐼,𝑡𝑡 = f(𝑒𝑒𝐼𝐼,𝑡𝑡−1,𝑒𝑒𝑃𝑃𝑒𝑒𝑒𝑒𝑓𝑓,𝑡𝑡−1)   ( 4.20 ) 
X𝐶𝐶𝐶𝐶,𝑡𝑡 = f(𝑒𝑒𝐶𝐶𝐶𝐶,𝑡𝑡−1,𝑒𝑒𝑃𝑃𝑒𝑒𝑒𝑒𝑓𝑓,𝑡𝑡−1)   ( 4.21 ) 
X𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑡𝑡 = f(𝑒𝑒𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑡𝑡−1,𝑒𝑒𝑃𝑃𝑒𝑒𝑒𝑒𝑓𝑓,𝑡𝑡−1,𝑒𝑒𝑏𝑏𝑒𝑒𝑒𝑒𝑃𝑃,𝑡𝑡−1)   ( 4.22 ) 
H𝐼𝐼,𝑡𝑡 = 0.5 ∗ 𝐶𝐶𝐶𝐶𝐶𝐶𝐼𝐼,𝑡𝑡−3 ∗ K0,𝐼𝐼,𝑡𝑡−3 ∗ K1,𝐼𝐼,𝑡𝑡−2 ∗ K2,𝐼𝐼,𝑡𝑡−1 ∗ (1 − 𝛿𝛿𝐼𝐼,𝐻𝐻,𝑡𝑡)   ( 4.23 ) 
H𝐶𝐶𝐶𝐶,𝑡𝑡 = 0.5 ∗ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡−2 ∗ K0,𝐶𝐶𝐶𝐶,𝑡𝑡−2 ∗ K1,𝐶𝐶𝐶𝐶,𝑡𝑡−1 ∗ (1 − 𝛿𝛿𝐶𝐶𝐶𝐶,𝐻𝐻,𝑡𝑡)   ( 4.24 ) 
H𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑡𝑡 = 0.5 ∗ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑡𝑡−3 ∗ K0,𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑡𝑡−3 ∗ K1,𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑡𝑡−2 ∗ K2,𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑡𝑡−1 ∗ (1 − 𝛿𝛿𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝐻𝐻,𝑡𝑡)    
  ( 4.25 ) 





COW𝐶𝐶𝐶𝐶,𝑡𝑡 = �∑ �H𝐶𝐶𝐶𝐶,𝑡𝑡−𝑖𝑖 ∗ ∏ K𝑗𝑗,𝐶𝐶𝐶𝐶,𝑡𝑡−𝑖𝑖+𝑗𝑗−2𝑖𝑖+1𝑗𝑗=2 �4𝑖𝑖=1 � ∗ �1 − 𝛿𝛿𝐶𝐶𝐶𝐶,𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡�    ( 4.27 ) 
COW𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑡𝑡 = �∑ �H𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑡𝑡−𝑖𝑖 ∗ ∏ K𝑗𝑗,𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑡𝑡−𝑖𝑖+𝑗𝑗−3𝑖𝑖+2𝑗𝑗=3 �7𝑖𝑖=1 � ∗ �1 − 𝛿𝛿𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡�    ( 4.28 ) 
𝑌𝑌𝐼𝐼,𝑡𝑡 = f�𝑡𝑡,𝑌𝑌𝐼𝐼,𝑡𝑡−1,𝑒𝑒𝑃𝑃𝑒𝑒𝑒𝑒𝑓𝑓,𝑡𝑡−1,𝑒𝑒𝐼𝐼,𝑡𝑡−1,𝛿𝛿𝐼𝐼,𝑦𝑦,𝑡𝑡�    ( 4.29 ) 
𝑌𝑌𝐶𝐶𝐶𝐶,𝑡𝑡 = f�𝑡𝑡,𝑌𝑌𝐶𝐶𝐶𝐶,𝑡𝑡−1,𝑒𝑒𝑃𝑃𝑒𝑒𝑒𝑒𝑓𝑓,𝑡𝑡−1,𝑒𝑒𝐶𝐶𝐶𝐶,𝑡𝑡−1,𝛿𝛿𝐶𝐶𝐶𝐶,𝑦𝑦,𝑡𝑡�    ( 4.30 ) 
𝑌𝑌𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑡𝑡 = f�𝑡𝑡,𝑌𝑌𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑡𝑡−1,𝑒𝑒𝑃𝑃𝑒𝑒𝑒𝑒𝑓𝑓,𝑡𝑡−1,𝑒𝑒𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑡𝑡−1, 𝛿𝛿𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑦𝑦,𝑡𝑡�    ( 4.31 ) 
𝑆𝑆𝐼𝐼,𝑃𝑃,𝑡𝑡 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐼𝐼,𝑡𝑡 ∗ 𝑌𝑌𝐼𝐼,𝑡𝑡    ( 4.32 ) 
𝑆𝑆𝐶𝐶𝐶𝐶,𝑃𝑃,𝑡𝑡 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡 ∗ 𝑌𝑌𝐶𝐶𝐶𝐶,𝑡𝑡    ( 4.33 )  
𝑆𝑆𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑃𝑃,𝑡𝑡 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑡𝑡 ∗ 𝑌𝑌𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑡𝑡    ( 4.34 ) 
𝑆𝑆𝑝𝑝,𝑡𝑡(p𝑝𝑝,𝑡𝑡, p𝐼𝐼,𝑡𝑡, p𝐶𝐶𝐶𝐶,𝑡𝑡, p𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑡𝑡, w𝑡𝑡) =  𝑆𝑆𝑝𝑝,𝑡𝑡      ( 4.35 ) 
D𝐼𝐼,𝑃𝑃,𝑡𝑡 = 𝐷𝐷𝐼𝐼,𝑃𝑃,𝑡𝑡(p𝑝𝑝,𝑡𝑡, p𝐼𝐼,𝑡𝑡, p𝐶𝐶𝐶𝐶,𝑡𝑡, p𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑡𝑡, w𝑡𝑡)       ( 4.36 ) 
D𝐶𝐶𝐶𝐶,𝑃𝑃,𝑡𝑡 = 𝐷𝐷𝐶𝐶𝐶𝐶,𝑃𝑃,𝑡𝑡(p𝑝𝑝,𝑡𝑡, p𝐼𝐼,𝑡𝑡, p𝐶𝐶𝐶𝐶,𝑡𝑡, p𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑡𝑡, w𝑡𝑡)       ( 4.37 ) 
D𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑃𝑃,𝑡𝑡 = 𝐷𝐷𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑃𝑃,𝑡𝑡(p𝑝𝑝,𝑡𝑡, p𝐼𝐼,𝑡𝑡, p𝐶𝐶𝐶𝐶,𝑡𝑡, p𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑡𝑡, w𝑡𝑡)       ( 4.38 ) 
D𝐵𝐵,𝛽𝛽
Pop𝐵𝐵,𝛽𝛽
= 𝑓𝑓(𝑒𝑒𝑃𝑃,𝑒𝑒𝑝𝑝, 𝐼𝐼𝐼𝐼𝐶𝐶𝐵𝐵,𝑡𝑡)       ( 4.39 ) 
D𝑟𝑟,𝛽𝛽
Pop𝑟𝑟,𝛽𝛽
= 𝑓𝑓(𝑒𝑒𝑃𝑃,𝑒𝑒𝑝𝑝, 𝐼𝐼𝐼𝐼𝐶𝐶𝑃𝑃,𝑡𝑡)       ( 4.40 ) 
𝐼𝐼𝐼𝐼𝐶𝐶𝑃𝑃,𝑡𝑡 = p𝐼𝐼 ∗ (𝑆𝑆𝐼𝐼,𝑃𝑃,𝑡𝑡 − 𝑐𝑐𝐼𝐼,𝑡𝑡) + p𝐶𝐶𝐶𝐶 ∗ (𝑆𝑆𝐶𝐶𝐶𝐶,𝑃𝑃,𝑡𝑡 − 𝑐𝑐𝐶𝐶𝐶𝐶,𝑡𝑡) + p𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃 ∗ (𝑆𝑆𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑃𝑃,𝑡𝑡 − 𝑐𝑐𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑡𝑡) +
𝐼𝐼𝑃𝑃                 ( 4.41 ) 





𝐷𝐷𝐼𝐼,𝑃𝑃,𝑡𝑡 = 𝑆𝑆𝐼𝐼,𝑃𝑃,𝑡𝑡 − 𝑐𝑐𝐼𝐼,𝑡𝑡       ( 4.43 ) 
𝐷𝐷𝐶𝐶𝐶𝐶,𝑃𝑃,𝑡𝑡 = 𝑆𝑆𝐶𝐶𝐶𝐶,𝑃𝑃,𝑡𝑡 − 𝑐𝑐𝐶𝐶𝐶𝐶,𝑡𝑡       ( 4.44 ) 
𝐷𝐷𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑃𝑃,𝑡𝑡 = 𝑆𝑆𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑃𝑃,𝑡𝑡 − 𝑐𝑐𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑡𝑡       ( 4.45 ) 
where the last four equations are market clearing conditions.  Assuming no divergence 
from this model, there are 29 unknowns that need to be estimated. 
As previously discussed, it can be observed that fresh fluid milk is treated as non-
tradable and that the price of milk is calculated from market clearing to meet domestic 
demand.26  The specific market conditions that are augmented to accommodate the study 
of the impacts of FMD control have been incorporated conceptually.  This is an idealized 
conceptual model that will be adjusted as data limitations determine scope of 
implementation.  The estimation of the previously discussed concepts and relationships is 
the topic of the next chapter. 
 
 
                                                 














CHAPTER 5. EMPIRICAL MODEL 
5.1 Introduction 
In the previous chapter, a model was described assuming there were no data 
limitations.  However, in the implementation of the conceptual model, alterations had to 
be made regarding the heifer equations, as will be discussed.  The on-farm consumption 
of milk in traditional production systems was also abandoned due to data limitations.  
This chapter will discuss the implementation of the empirical simulation. Rationale for 
deviations from the conceptual model will be highlighted as well as the estimation 
methods used for pertinent parameters.  For each relationship, the estimation method is 
described as well as the specification of the model chosen and relevant validation criteria.  
The chapter begins with a discussion of the data used.  Also, due to instability with the 
model, a differential form version of the model will be discussed. 
 
5.2 Data 
One of the core data sets used was compiled from the Basic Animal Husbandry & 
Fisheries Statistics reports from the Government of India (GOI) for years 2006, 2010 and 
2013 (DAHF 2006, DAHF 2010, DAHF 2013).  These reports contained yield and in 
milk animal population numbers for crossbred, indigenous and buffalo bovines for the 





expenditure.  Another data set used was the PS&D database from FAS (FAS 2015).  
Specifically the beginning stocks for all bovines, calf crop, and bovines in milk27 time 
series for 1980-2015 were used.  The “Dairy Cows Beginning Stocks” data set for 
bovines contained a revision in 2004 that reduced the number of animals by ~10%.  Also 
from FAS, the total use of fluid milk was used for consumption quantities.  There was no 
data revision after 2004 for the production and consumption quantities in the FAS data. 
The calculated milk yields using FAS data reflects the revision in the data with an 
upward jump in 2004 that is not reflected in the GOI data. Annual milk, coarse grains, 
beef and butter prices were obtained from the OECD’s Agricultural Outlook (OECD 
2014).28  These were deflated using the CPI for India from the World Bank (World Bank 
2015).  For the demand portion of the model GDP, rural population, and urban population 
series were obtained from the World Bank (World Bank 2015).  A table is included in the 
appendix that contains the data used to estimate the equations discussed in this chapter. 
Regarding FMD specific data, two main datasets were used.  The first was the 
proportion of FMDV infected animals that display economically impactful symptoms 
(Saxena 1994).  These proportions are split by bovine type and are found in a publication 
from the Institute of Rural Management in Anand, India (Saxena 1994).  This data 
enabled the impacts of changes in national prevalence of FMD to be implemented in the 
herd dynamic equations as will be discussed.  The second data set used was the recent 
state-wise prevalence of FMD as reported by ICAR’s Project Directorate on FMD 
(Pattnaik 2012).  This data was then combined with the state level animal population 
                                                 
27 The data set used for bovines in milk is called “Cows in Milk” but it includes buffalo. 
28 FAO producer prices were only available from 1991-1994.  These contained buffalo and cow prices from 





numbers from the DAHF to obtain national prevalence levels for each bovine type 
(DAHF 2012).  Also, the annual reports from the Project Directorate on FMD were used 
to compile a data set of declining prevalence rates as the control program was 
implemented in Haryana, India (PDFMD 2012).  This state has completed Stage 3 of the 
control program and data was available to estimate annual prevalence decline starting at 
an endemic level of prevalence.  Thus, the state level rates of FMD prevalence decline 
could be aggregated and applied to the national herd dynamic equations.   
 
5.3 Estimation Methodology 
Nonlinear least squares was used to estimate the cow herd equations that could 
not be transformed into linear relationships.  The Gauss-Newton method was used for this 
estimation technique.  In this method, starting values are crucial and there is a bit of an 
“art” to picking them (See Greene 2008).  It was found that convergence was achieved 
more easily if the starting values for the coefficients were closer to zero.  This enabled 
the algorithm to avoid calculations of the fitted dependent variable that were too close to 
zero for the computer to express.  The equations estimated using nonlinear least squares 
were the three equations linking the cow population dynamics to price expectations and 
the holding rates discussed in Chapter 4.  
OLS was used to estimate all other relationships.  This was selected since it is the 
most efficient estimation method when the variables are linear. Also, this method is 
appropriate in the absence of simultaneously determined variables.  The errors of each 





accommodate effects of serial correlation in the errors. The lags used are described for 
each equation. 
 
5.4 Herd Dynamics Equations 
Four equations were estimated to describe the intertemporal dynamics of the 
national cow herd.  Due to data limitations discussed below, these equations diverge 
somewhat from the conceptual model.  Separate equations for the cows in milk for each 
breed as well as a calf production equation were estimated.  
Based on the conceptual model, the specification of the production of calves 
equation includes lagged price ratios and the dairy cow population.  The method of 
estimating the calf production numbers diverged from the conceptual approach due to 
data limitations on calf numbers by breed.  Three rounds of the Livestock Census 
indicated that the indigenous bovines accounted for a greater share of calves than in-milk 
females.  This corresponds to higher mortality rates in production systems that utilize 
indigenous cattle, where access to concentrates and proper sanitary conditions may be 
limited.  Furthermore, these shares are not stable over time, with indigenous cattle losing 
share and crossbred cattle gaining29.  Thus it was not possible to disaggregate the calf 
population reported by FAS by bovine type.  Consequently, the animals in milk equations 
are functions of the respective share of the total calf crop as discussed below. 
The relationship between the calf crop and the cow inventory in the previous 
period was estimated in aggregate.  The price ratios were used following the approach of 
Chavas and Klemme.  Two ratios, milk price to coarse grains price and the beef price to 
                                                 





coarse grains, were lagged one period to obtain the expected prices for one year 
consistent with Nerlovian naïve expectations (Chavas and Klemme 1986).  An additional 
variable was included to account for a structural shift in the data.  Between the years 
2003 and 2004 there was an unprecedented drop of 9% in the population of adult females 
in milk due to a revision in the FAS data series. This was accounted for using a binary 
variable which takes the value of unity for all years after the adjustment in the data.  
Also, female and male calves are not distinguished in the calf crop data.  Calves of both 
sexes were included in the dependent variable.30  Thus, the 0.5 female calf to cow ratio 
from Chavas and Klemme 1986 was not imposed.  This resulted in the following 
estimation: 
Table 5.1 Total Calf Crop Estimated Equation 
ct =(1+𝛿𝛿C,t)*COWt-1 / [1+exp( 0.432      –     0.126 MPt-1/FCt-1+  
                                                  9.13***         -2.81***                   
      0.00457  BPt-1/FCt-1 – 0.306  D)] 
        0.50                          -6.08***                                                          Adj. R2 =0.864 
Note: The numbers below the coefficients are t-statistics. 
where the ct is the number of calves, 𝛿𝛿C,t is the percentage increase in the calf population 
due to a decrease in the prevalence of FMD, COW is the number of adult cows in milk of 
all bovines, MP is the  milk price, FC is the coarse grains price, BP is the beef price and 
D is the binary variable that accounts for the structural change in 2003-2004.  The 
numbers below the coefficients are t-statistics.  All coefficients were significant at the 1% 
level (indicated by *** next to the t-statistic) except the beef price ratio coefficient which 
was not significant at conventional levels.  The negative coefficient on the milk price 
                                                 






variable is consistent with expected producer behavior.  As revenues increase relative to 
the cost of concentrates, a producer will seek to increase herd size.  Since this coefficient 
is in the denominator and part of the exponent of Euler’s number, a negative value of the 
milk price coefficient coincides with economic intuition of an increase in the number of 
calves.   
The price elasticities for the calf crop equation are aligned with the behavior 
reported by Chavas and Klemme.  All else constant, a price elasticity is the percentage 
change in quantity given a percentage change in price.  The elasticity of the calf crop 
with respect to the price of milk is 0.103 at mean values while the elasticity with respect 
to the price of beef is -0.0157.  The elasticity for the concentrates cost is -0.0854. 
Although the beef price coefficient is not significant, the sign of the parameter aligns 
with the anticipated economic behavior outlined in the previous chapter.  Since the 
slaughter of bovines is banned in the majority of states in India, it is reasonable that the 
decision to produce calves would be more impacted by the price of milk than by the beef 
price.31 
The in-milk female bovine population was estimated separately for each type of 
bovine.  The differing types of bovines have different lengths of time to enter as 
replacements and remain in milk for various lengths of time.  Thus alternative lengths for 
lagging calf crops and prices were considered. Once again following the conceptual 
model and the approach from Chavas and Klemme, the milk price and beef price to feed 
ratios were used.  Also variables were included to account for the effects of the age of the 
                                                 
31 This result does diverge from behavior in US dairy markets as reported by Chavas and Klemme 1986 





animals and the proportion of replacement heifers available out of the herd in the 
previous period. The binary variable was also used in these equations to account for the 
structural shift in the data.   
Indigenous cattle are between 39.9 and 59 months old at first calving (Gupta et al. 
1996).  Thus the current national population of indigenous in milk cattle is impacted by 
past calf crops starting in year t-4.  These animals are generally on production systems 
with only one or two dairy animals, where milk production is seldom the only economic 
activity for female bovines.  Replacement rates are thus low and may not occur for up to 
6-7 years after the initial calving (Gupta et al. 1996, pg. 213).  This provides the basis for 
the inclusion of calf crop lags 4-10.  Along with the calf crop, the in-milk female animals 
are impacted by the decision to breed an animal with artificial insemination or natural 
service.  Since gestation takes the majority of one year, the decision to breed and 
consequently bring an animal into the milking herd is based on the expected returns of 
milk production from a prior year before the actual birth and lactation.  This is the basis 
for using naïve price expectations for each time period in the in-milk cow herd 
equations.32  The binary variable was multiplied by the difference between the 2003 and 
2004 indigenous cow population.  Age and price-age interaction terms were also included 
as suggested by Chavas and Klemme.  The following table lists the estimation for the 
national indigenous cow herd: 
                                                 
32 Since there is likely under reporting of male calves, all calves were used to approximate heifers. The 





Table 5.2 Indigenous Cows in Milk Estimated Equation 
DCIt =(1+δInd,COW,t) ∗ ∑ {0.457𝑖𝑖=1  ct-i+3 / ∏ [1 +7𝑗𝑗=1  exp(6,810 –        1.96 McPt-j/FCt-j +  
                                                                                        58200***       3.75***                   
 
           0.342 BPt-j/FCt-j – 1700 Age) +0.0359 Age McPt-j/FCt-j  -0.00449 Age BPt-j/FCt-j + 
           3.73***                                      7.39***                           -3.77*** 
 
           0.0668 L ct-j+3 /(DCIt-j+DInd,t-j)]} +DInd 
           8.38***                                                                                                     R2 =0.965    
Note: The numbers below the coefficients are t-statistics.  Significance at the 1% level 
indicated by ***. 
 
where DCIt is the number of indigenous cattle in milk at time t, 𝛿𝛿Ind,COW,t is the exogenous 
shock from a decline in FMD on the population of indigenous cows in milk, c is the calf 
crop which is multiplied by the average indigenous share of cows which is 0.45, McP is 
the cow milk price, Age is the age of the animal and L is the maximum number of 
lactations that the animal can participate in at that age. DInd is the transformed binary 
variable for indigenous cows.  The numbers below the coefficients are the t-statistics. All 
estimated coefficients are statistically significant at the 1% level (signified by *** beside 
the t-statistic). The estimated coefficient on the milk price ratio is negative which 
indicates that there is incentive to increase the number of indigenous cattle in the national 
herd when the milk price rises.  
The following elasticities for the indigenous cow herd in response to price 
changes were calculated at mean values of the data series.  The elasticity with respect to 
the milk price is 0.2075.  The sign of the elasticity coincides with behavior seen in 
Chavas and Klemme.  However the elasticities in response to the price of beef and 
concentrates cost are both positive at 0.1098 and 0.1428 respectively. At first glance the 





is what is expected for short run elasticities for cattle as the market adjustments take 
multiple years (See Jarvis, Rosen, Chavas and Klemme).  Regarding the concentrates cost 
elasticity, buffalo and indigenous cattle are hardier animals and can handle poorer quality 
feed better than crossbred animals.  Thus as there is potential pressure to reduce the 
number of crossbred cattle when high quality feed is scarce, there is the opposite 
incentive to increase the herd sizes of the hardier breeds.  In the context of all breeds, the 
sign of the elasticities for indigenous cattle can be interpreted.  
For crossbred cattle, age at first calving was between 24.9 and 33.6 months 
(Gupta et al. 1996).  Biologically, the earliest that these animals might appear in the in-
milk population is at period t-3.  It is assumed by the National Dairy Development Board 
(NDDB) that these animals are sold after the fourth lactation (Datta 2014).  The calf crop 
lags included for crossbred cattle are lags 3-6.  Under the same price expectations method 
used with indigenous cattle, the previous period milk price was included in the 
specification.  The resulting equation is below: 
Table 5.3 Crossbred Cows in Milk Estimated Equation 
DCCt =(1+δCB,COW,t) ∗ ∑ {0.104𝑖𝑖=1  ct-i+2 / ∏ [1 +4𝑗𝑗=1 exp(1,246-         1.464 McPt-j/FCt-j + 
                                                                                        1905***      1.26 
 
          0.4229 BPt-j/FCt-j  – 416.3Age) +0.0318 Age  McPt-j/FCt-j -0.0136 Age BPt-j/FCt-j + 
           2.22**                                          2.04*                                -5.97*** 
 
          0.0469 L  ct-j+3 /(DCCt-j+DCB,t-j)]} +DCB 
            8.34***                                                                                                  R2 =0.989    
Note: The numbers below the coefficients are t-statistics where *’s indicate significance 
levels.  The 1% level is represented by ***, 5% by ** and 10% by *. 
 
where DCCt is the number of crossbred cattle in milk. DCB is the transformed binary 





the value of the drop in crossbred cattle population after this year.  The t-statistics 
underneath the estimated coefficients indicate significance that is at least at the 10% level 
for all coefficients except for the milk price to concentrates cost ratio. 
 The elasticities of the mature crossbred cow population for all ages are 0.2329 
with respect to the milk price, 0.2978 with respect to the beef price and -0.1652 with 
respect to the cost of concentrates.  These values align with the behavior of producers 
when buffaloes are culled but cow slaughter is banned.  The relative scarcity of buffalo in 
this context may lead to an increase in the cow herd when the price of beef rises. 
Since age at first calving for buffalo ranges from 41.3 months to 55.2 months, this 
leads to t-4 as the first period that buffalo calves might impact the milk supply as adults 
(Gupta et al. 1996).  These animals can be on traditional or commercial systems leading 
to a total number of possible lactations of 7.  The resulting calf crop lags are t-4 to t-10.  
Below is the resulting estimation of the equation for in milk buffaloes: 
Table 5.4 Buffalo Cows in Milk Estimated Equation 
DCBt=(1+δBuff,COW,t)∑ {0.457𝑖𝑖=1  ct-i+3 / ∏ [17𝑗𝑗=1 +exp(-6.87     +    1.154 MbPt-j/FCt-j –  
                                                                                     -2.43**        2.52**                     
 
        0.319 BPt-j/FCt-j +0.790 Age) –0.0116 Age MbPt-j/FCt-j +0.00465 Age  BPt-j/FCt-j + 
        2.93***                2.026*          -2.47**                              4.35*** 
 
        0.0810 L  ct-j+3/(DCBt-j+DBuff,t-j)]}+DBuff 
        3.18***                                                                                                       R2 =0.851    
Note: The numbers below the coefficients are t-statistics where *’s indicate significance 
levels.  The 1% level is represented by ***, 5% by ** and 10% by *. 
 
where DCBt is the number of buffaloes in milk and MbP is the price of buffalo milk.  





parentheses below the coefficients, all coefficients were at least significant at the 10% 
level.   
The price elasticities at mean values for the estimated buffalo cow equation for all 
ages of mature buffalo were 0.0286 in response to a rise in milk price, 0.1346 in response 
to a rise in beef price and 0.0789 in response to a rise in concentrates costs.  The positive 
elasticity with respect to the price of concentrates may be illustrative of a switch to 
hardier animals such as buffalo when it becomes more costly to feed concentrates. A 
summary of the price elasticities of the dairy cow equations is below: 







Indigenous 0.2075 0.1098 0.1428 
Crossbred 0.2329 0.2978 -0.1652 
Buffalo 0.0286 0.1346 0.0789 
 
These elasticities are close to values found in the literature.  The SWOPSIM model 
indicated a supply elasticity of 0.3 for milk production in India (SWOPSIM 1986). 
Yields also change over time as shown in the conceptual model.  The approach 
from Chavas and Klemme uses the milk price and feed costs as well as a time trend as 
explanatory variables for yield.  However, as Chapter 2 discussed, in India the production 
systems are managed differently.  The time trends were found to overwhelm any price 
effects.33  The table below shows the estimation of the yield equations with the inclusion 
of two autoregressive errors.  The estimated yield equations are shown in the table below: 
                                                 
33 Since the yields used current period prices, milk price is endogenous in the yield and demand equations.  
Thus two-stage least squares was explored to obtain the price effects in the yield and demand equations.  





Table 5.6 Yield Equations 
YI =    -14.4          +       0.00739 t   
           -9.79***             10.10***                                                                   R2 =0.973    
 
YCb=   -18.5          +       0.0101 t   
           -3.29***              3.61***                                                                    R2 =0.706    
 
YBuff=  -26.25       +       0.0136 t    
           -19.02***          19.82***                                                                    R2 =0.966       
Note: The numbers below the coefficients are t-statistics. 1% level significances indicated 
by ***. 
 
where YI is the annual milk yield of indigenous cattle, YCb is the yield for crossbred cows 
and YBuff is the milk yield for buffaloes.  The buffalo yield equation omitted 2009 as an 
outlier in the yield observations due to drought conditions in that year.  The 11% drop in 
national yield for buffaloes in 2009 was not observed in crossbred or indigenous cattle 
yields.  T-statistics are below the coefficients.  All time trend variables were significant at 
the 1% level. 
The three equations for cows in milk were multiplied by the respective yields of 
the particular animal type.  These products were then aggregated to obtain the total 
supply of milk in each year as shown: 
𝑆𝑆𝐼𝐼,𝑡𝑡 = 𝐷𝐷𝐶𝐶𝐼𝐼𝑡𝑡 ∗ 𝑌𝑌𝐼𝐼,𝑡𝑡 ∗ (1 + δI,y,t)    ( 5.1 ) 
𝑆𝑆𝐶𝐶𝐶𝐶,𝑡𝑡 = 𝐷𝐷𝐶𝐶𝐶𝐶𝑡𝑡 ∗ 𝑌𝑌𝐶𝐶𝐶𝐶,𝑡𝑡 ∗ (1 + δCB,y,t)   ( 5.2 )  
𝑆𝑆𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑡𝑡 = 𝐷𝐷𝐶𝐶𝐷𝐷𝑡𝑡 ∗ 𝑌𝑌𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑡𝑡 ∗ (1 + δBuff,y,t)   ( 5.3 ) 
S𝑡𝑡 = 𝑆𝑆𝐼𝐼,𝑡𝑡 + 𝑆𝑆𝐶𝐶𝐶𝐶,𝑡𝑡 + 𝑆𝑆𝐶𝐶𝐵𝐵𝑃𝑃𝑃𝑃,𝑡𝑡    ( 5.4 ) 
                                                                                                                                                 
equations specification deteriorated substantially during this period.  For this reason, these results were not 





where Sn,t is the fluid milk produced by animal of type n in time t, 𝛿𝛿n,y,t is the percentage 
increase in annual yield from the reduction of morbid animals due to a decline in the 
prevalence of FMD and St is the total national supply of fluid milk. 
 
5.5 Demand Equations 
Two equations were used to specify the urban and rural consumption dynamics of 
milk and milk products.  For the consumption quantities of rural and urban consumers, 
the rural and urban shares of total use were calculated based on the annual proportion of 
monthly milk and milk product quantities consumed by the rural and urban sectors34.  
This value was then divided by the population in the appropriate sector to create the total 
per capita consumption of milk for rural and urban consumers.  Total household 
expenditure on all goods was used as an explanatory variable as well as the deflated price 
of milk using the CPI for India from the World Bank.  The table below shows the results 
of this estimation: 
Table 5.7 Urban and Rural Demand Estimated Equation 
D𝐵𝐵
Pop𝐵𝐵
 = 0.130        -       1.51x10-6    Pm       +       3.03x10-6    INCu  
           5.26***           -2.11**                           8.01***                                     R2 =0.890 
 D𝑟𝑟
Pop𝑟𝑟
= 0.0244      -       1.12x10-6   Pm        +       4.17x10-6     INCr            
            1.39                 -2.00*                           5.95***                                      R2 =0.839    
Note: The numbers below the coefficients are t-statistics. The 1% significance level is 
represented by ***, 5% by ** and 10% by *.  The units of the dependent variable are 
metric tons per person per year. 
 
                                                 
34 Annual quantities consumed were not available for all years.  However, the proportion of the quantities 
of milk and milk products consumed remained stable over time for rural and urban producers, varying by 
less than 1% (National Sample Survey Office 2013).  The proportion of the expenditure on milk and milk 
products also remained stable over the same time period.  Thus it was feasible to use the proportion of 





where Pm is the composite price of milk in 2013 Indian rupees and INCu (INCr) is the 
deflated total per capita annual expenditure for urban (rural) residents.  T-statistics are 
shown below the coefficients and were obtained using a model that included two 
autoregressive errors.  For the urban demand, price was significant at the 5% level and 
income was significant at the 1% level.  For the rural demand, the income coefficient was 
significant at the 1% level and the milk price coefficient was significant at 10%.  The 
coefficients of these equations yielded the elasticities shown in the table below at 2010 
levels. 
Table 5.8: Estimated Elasticities of Demand for Milk and Milk Products 
 Urban Rural 
Own Price Elasticity -0.279 -0.607 
Income Elasticity 0.481 1.008 
 
These values are similar to but have absolute values that are lower than older estimates 
by Saxena, who obtained uncompensated own price elasticities of -1.404 for rural 
consumers and -0.535 for urban consumers (Saxena 1994). 
 These two demand equations are summed to obtain the total fluid milk demand.  
The aggregated equation is then rearranged to make the milk price a function of quantity 
and income.   
D𝑡𝑡 = 𝐷𝐷𝐵𝐵,𝑡𝑡 + 𝐷𝐷𝑃𝑃,𝑡𝑡        ( 5.5 ) 
Dt= �0.13-1.5*10-6Pm+3.0*10-6INCu� *Popu+ �0.02-1.1*10-6Pm+4.1*10-6INCr�Popr  
  ( 5.6 ) 





where Dt is the total national demand for fluid milk.  Since buffalo milk has a higher fat 
content than cow milk, a price linkage equation is used to relate these two prices to the 
composite price of milk faced by consumers: 
P𝑚𝑚 = �1 − 𝑠𝑠𝑏𝑏,𝑡𝑡�M𝑐𝑐P𝑡𝑡 + 𝑠𝑠𝑏𝑏,𝑡𝑡M𝑏𝑏P𝑡𝑡 = �1 − 𝑠𝑠𝑏𝑏,𝑡𝑡�M𝑐𝑐P𝑡𝑡 + 𝑠𝑠𝑏𝑏,𝑡𝑡(M𝑐𝑐P𝑡𝑡 + 𝛥𝛥𝑓𝑓𝑃𝑃𝑃𝑃)         ( 5.8 ) 
where sb,t is the share of total fluid milk produced from buffalo, Δf is the difference in 
percent fat between buffalo milk and cow milk, and Pf is the price of fat proxied by the 
price of butter. The difference in percent fat between buffalo milk and cow milk is 3%.  
This value accounts for the difference between the buffalo and cow milk price series from 
the FAO for the years 1991-1994.   
 
5.6 FMD Stage 3 Prevalence Decline 
As discussed in the literature review, Stage 3 of the OIE/FAO control pathway is 
where vaccination programs are implemented and the prevalence of FMDV declines.  To 
model this decline for states that are participating in stage three, an equation has been 
estimated using the declining prevalence rates of Haryana, where Stage 3 has been 
successfully implemented.  The decline in prevalence of FMD is assumed to be the same 
for all bovine types.  This is due to lack of data regarding the prevalence decline for 
different bovine types.  Also, the vaccination program targets all animals in a region 
irrespective of the breed.  
 The decline of prevalence of FMD must be modeled at the state level for three 
reasons.  Although the prevalence equation in Table 5.9 applies to all states, each state 





proportion of crossbred cattle relative to other states.  Also, since FMD differs in its 
impact on yield and reproduction rates by bovine types, these differences in populations 
cannot be ignored.  Lastly, states differ as to the timing that they will enter Stage 3 in the 
FMD control pathway as the planned expansion of the program extends to more regions.  
Although the same underlying decay function is used, states enter at different times. This 
impacts the national prevalence in proportion to the state’s share of all bovines.  Thus, the 
decline in FMD prevalence must be modeled for each state and then aggregated to a 
national prevalence decline weighted by the population of the different bovine types in 
each state. 
Although the control program is mandatory, it is up to the individual farmer to 
apply the vaccinations that are provided.  There is anecdotal evidence that farmers may 
not administer the vaccines due to the expected production loss associated with the 
vaccine.  Participation in the program is thus guided by principles from the technology 
adoption and diffusion literature discussed in Chapter 3.  This literature discussed a 
pattern where there is a peak rate of diffusion that slowed over time.  Since there is 
observed data regarding the declining prevalence in Haryana, the equation in Table 5.9 
can be thought of as a reduced form equation where the diffusion model is imbedded 
inside the estimated equation.   
For the state level decline of the prevalence of FMD, nonlinear least squares was 
used to fit an exponential curve to the declining prevalence in Haryana.  The diffusion 
model suggests this form since the endemic rate is the peak diffusion rate.  Thus the 





commenced.  As each state enters stage three of the control program, prevalence of 
exposure to the virus declines as follows: 
Table 5.9 Stage 3 FMD Prevalence Decline Equation 
Prev = 30.7     exp (   -0.174  t    )   
          11.7***            -6.31***                                                                            R2 =0.981       
Note: The numbers below the coefficients are t-statistics.  Significance at the 1% level 
indicated by ***. 
 
where Prev is the percent of animals exposed to the virus over time.  As vaccination 
programs are implemented, this exposure declines exponentially.  The t-statistics are 
below the estimated coefficients.  Both coefficients are significant at the 1% level.  
Prevalence data from 2008-2009 was omitted from the estimation of the equation leaving 
6 observations during the period from 2000-2013.  During 2008-2009 there was a spike 
in exposure to FMDV in Haryana due to high circulation of the virus in regions bordering 
Rajasthan.  The data from this period shows the risk of regional contamination and not 
the effect of vaccination programs in the PCP-FMD, so it was excluded. 
The national prevalence rate decline drives the increases in calves produced from 
on-time conceptions (which would have been delayed if FMD was present) and 
successful pregnancies (which would have resulted in abortions if FMD was present).  
Increases in the number of cows in milk are also obtained through national prevalence 
decline of FMD and the shares of animals that exhibit delayed conception, abortions, or 
mortality.  The national annual yield of each type of bovine is adjusted upward from the 
reduction in prevalence of FMD. The prevalence decline equation is used for each state 
entering stage 3.  However, the states enter stage 3 at different times and have different 





outcomes of FMD for each bovine type and will be discussed in the following chapter to 
clarify the discussion of the results. 
 
5.7 Validation of the Model 
This section details the various pivots that were made to maximize the usefulness 
of the research while maintaining fidelity with the observed data and economic theory as 
well as not overreaching statistical limitations.  
Initially, the nonlinear equations as estimated in section 5.4 were implemented in 
the model to obtain the new composite milk price at the supply level of milk.  Although a 
stable forecast was achieved using the nonlinear equations, small shocks to the system 
resulted in dynamic instability. Also due to the extensive lagging structure a cyclical milk 
price pattern was observed in the forecast which was not observed at any point in the 
historical data.  Also, the implementation of the FMD control scenarios resulted in 
dynamically unstable results.  These results are not unprecedented.  Instability using a 
similar nonlinear structure for the US dairy market has been reported by Chavas and Holt 
(Chavas and Holt 1993).  They demonstrate how increasing the elasticity of demand for 
milk eventually results in a stable model.  However, these increases in demand elasticity 
resulted in model stability at unconventional elasticity levels.  They show successful 
convergence results for demand elasticity of -1.5.  In the United States, elasticities of 
demand for milk are inelastic. Schmit and Kaiser 2006 report a fluid milk own price 
elasticity of demand of -0.039 for the United States and earlier Huang 1996 reports a 
value of -0.043 (Schmit and Kaiser 2006, Huang 1996). Chavas and Holt show that 





The numerical model using the nonlinear supply equations showed similar behavior 
where a tripling of the price elasticity of demand for milk sufficiently absorbed supply 
shocks leading to a stable milk production scenarios over the forecast period.  
Furthermore, as seen with the US results from Chavas and Holt, the model was not stable 
at demand elasticities for milk in India that were reported in the literature.  An extremely 
elastic own price elasticity of demand for milk in India is unconventional. Saxena 
reported values at -0.54 and -1.40 for urban and rural consumers respectively while 
SWOPSIM reported values from -0.14 to -0.6 for dairy products (Saxena 1994, Sullivan 
et al. 1989).  The estimated values used in the model were -0.28 for urban consumers and 
-0.61 for rural consumers.  Thus to evaluate the comparative impacts of the control 
program, a differential form version of the fluid milk sector was employed.  This leads to 
stability as the nonlinear multi-year effects are omitted.  This approach was used since it 
preserved model stability at elasticity levels that were observed in the data and allows 
comparisons of the impacts of introduction of FMD vaccination over time.  
In order to implement the differential form of the model, elasticities were needed 
as well as a baseline.  To obtain supply elasticity estimates consistent with the needs of 
the differential form that gives a stable model, a linear version of the herd dynamics 
model was estimated to obtain price and calf crop elasticities.  OLS was used to estimate 
the herd equations for the linear model.  The following discusses the approach to 
estimating the linear version of the model. 
The linear approach is also motivated by Chavas and Klemme.  The difference 
arises in regards to the lagged retention rates and calf crops.  These lagged terms can be 





first available calf crop for replacements is included as a proportion of the whole herd.  
The age dynamics are not explicitly modelled and are also assumed to be contained in the 
one period lagged animals in milk.   
As is shown below, the linear version had milk price terms that were significant 
only for the calf crop and indigenous cattle equation.  This diverges from the nonlinear 
model where terms including the beef price and milk price were significant in all herd 
equations.  Another difference in the linear estimation is the value of the crossbred to calf 
elasticity.  The value implied by the linear estimation differs to a relatively large degree 
from the value obtained in the nonlinear estimation.  Consequently, the last portion of 
Chapter 6 is dedicated to exploring the implications of varying levels of the price 
elasticities and the crossbred to calf elasticity.   
The calf crop equation was estimated as a function of the milk price to feed price 
ratio.  The dependent variable was the birth rate where the calf crop of each year was 
divided by the total number of animals in milk in the previous year.  This yielded the 
estimated equation in the table below: 
Table 5.10 Linear Calf Crop Equation 
BRt = 0.39   +     0.027 MPt-1/FCt-1+0.075 D      
         34.79***     3.97***                6.30***                                                    R2 =0.871       
 
where BR is the birth rate which is the number of calves as a proportion of the total 
number of cows, MP/FC is the milk price to feed price ratio,  and D is the parameter to 
account for the revision in the data.  The numbers below the coefficients are t ratios and 
*** indicates significance at the 1% level.  The sign of the milk price coefficient 





proportion of the total herd.  Since the revision in the data only occurs in the adult 
animals in milk series and not the calf crop series, it follows that a downward shift in the 
adult animals would be associated with an upward shift in the proportion of animals that 
are calves.  Thus the coefficient on the revision variable is positive.  The milk price 
elasticity obtained from this equation is 0.13 as shown in Table 5.18. 
The linear version of the indigenous animals in milk equation was estimated as 
follows: 
Table 5.11 Linear Indigenous Cow Equation 
Indt = 3.89*10^7   +    256 MPt-1   +  0.087 Calf Pool  -  7.34*10^6 D   
          11.19***           2.55**            5.05***                  -15.01***                   R2 =0.904       
 
where Ind is the number of indigenous cows in milk (head), Calf Pool is the average 
lagged calf crop for the period t-4 to t-10.  The numbers below the coefficients are t ratios 
and *** indicates significance at the 1% level and ** at the 5% level.  The sign of the 
coefficient on the milk price indicates that an increase in the milk price will lead to an 
expansion in the indigenous cattle herd.  The milk price elasticity obtained from this 
estimation is 0.19 which is shown in Table 5.18.  The positive sign on the calf pool 
coefficient indicates that an increase in the number of available adult calves will lead to 
an increase in the indigenous animals in milk.  The coefficient on the revision variable 
(D) shows that the years after the revision occurred (where D is not equal to zero), the 








The linear version of the crossbred equation was calculated as follows: 
Table 5.12 Linear Crossbred Cow Equation 
CBt = -7.27*10^6   +    0.370 Calf Pool   
             -4.77***           11.26***                                                                       R2 =0.807       
 
where CB is the number of crossbred cows in milk, Calf Pool is the average lagged calf 
crop for the period t-3 to t-6.  The numbers below the coefficients are t ratios which 
indicate that both coefficients were significant at the 1% level.  Specifications of the 
equation were attempted that included the milk price and feed cost ratios as well as the 
shift parameter.  However, none of these explanatory variables were statistically 
significant.  The sensitivity analysis in Chapter 6 introduces price responsiveness to test 
the importance of the absence of price effects. 
The buffaloes in milk equation was estimated as follows: 
Table 5.13 Linear Buffalo Cow Equation 
Bufft = 4.08*10^7   +    0.269 Calf Pool  -  2.85*10^6 D   
             64.75***           15.95***              -5.84***                                          R2 =0.908       
 
where Buff is the number of female buffaloes in milk, Calf Pool is the average lagged 
calf crop for the period t-4 to t-10.  The numbers below the coefficients are t ratios which 
indicate that all coefficients were significant at the 1% level.  Specifications of the 
equation were attempted that included the milk price and feed cost ratios as well as the 
beef price.  However, none of these explanatory variables were statistically significant.  
Sensitivity analysis in the next chapter examines the impacts of omitting price effects. 
Although not needed for the results, a total bovine in milk equation was needed to 





sensitivity analysis in Chapter 6.  For this reason, the total bovines in milk equation was 
estimated as follows: 
Table 5.14 Linear Total Cow Equation 
TCt = 8.73*10^7   +    0.578 Calf Pool  -  6.71*10^6 D   
             56.07***           13.89***              -5.57***                                        R2 =0.879       
 
where TC is the number of total bovines in milk, Calf Pool is the average lagged calf crop 
for the period t-4 to t-10.  The numbers below the coefficients are t ratios which indicate 
that all coefficients were significant at the 1% level.     
For each equation, specifications were estimated to evaluate the inclusion of the 
milk price, feed price and beef price as well as the shift parameter.  The explanatory 
variables in the equations above were included based on statistical significance.  This 
criterion was selected so that impact of the linear assumptions could be compared to the 
nonlinear estimation.  This will be shown in Chapter 6. One might object to these linear 
specifications since the milk price appears in the indigenous equation but not the 
crossbred equation.  This conflicts conceptually with expectations regarding the behavior 
of commercial producers using crossbred cattle.  Although the elasticities obtained from 
the linear estimation are used in the model, sensitivity analysis is reported in the next 
chapter regarding alternative elasticity values. 
To understand the goodness of fit of the nonlinear equations versus the linear 
estimation, the previously discussed equations were combined and implemented during 
the time period of the data.  These results were then compared with the actual values 
during this period.  The equations are implemented as previously described in the model 





 The table below shows how well each model tracks with the historical values.  
The model was run for the thirty year period from 1984-2013.  The root-mean-square 
percentage errors (RMSPE) from the simulation are listed. 
Table 5.15: RMSPE Comparison of Simulated Results and Actual Observations 1984-
2013 
 Nonlinear Linear 
Calves 0.088 0.055 
Total Cows in Milk 0.109 0.021 
    Indigenous Cows in Milk 0.151 0.017 
    Crossbred Cows in Milk 0.102 0.237 
    Buffaloes in Milk 0.100 0.015 
Milk Quantity Demanded 0.168 0.164 
Milk Price  0.251 0.202 
 
The RMSPE results show that the milk price has the most error in the simulation as it is 
the culmination of all of the estimated equations.  The linear equations show a superior fit 
with historical data.  The exception is the crossbred cows in milk equation where the 
RMSPE is larger in the linear version.  This difference may reflect the absence of the 
price effects which are present in the nonlinear estimation.  The elasticities derived from 
the linear equations will be discussed after a discussion of the derivation of a base case. 
 
5.8 Base Case Scenario 
Apart from a stable linear version of the model, a baseline was needed to 
implement the differential form version of the model.  This baseline was obtained from 
the OECD and extrapolated beyond 2024 to 2050 using time trends.  No changes in FMD 





the current FMD prevalence of 29% is maintained throughout the solutions. The price, 
milk production and yield were projected beyond the OECD forecast. 
Since milk production and yields were projected using time trends, cow 
inventories for each year were calculated from milk production and yields as an identity 
following the OECD technique.  The cow inventory was then disaggregated into the three 
bovine types.  This was done by estimating the cow inventory as a function of the GOI 
animals in milk data using a double log OLS regression.  The logged nominal milk price 
of the OECD was projected beyond 2024 using a time trend.  The CPI from the World 
Bank was projected to 2050 in the same manner by taking the logged value and 
estimating it using a time trend.  The nominal milk price was deflated to 2013 prices 
using the projected CPI.  The intercept and time trend were significant at the 1% level for 





Table 5.16: Trend Projections and Bovine Type Disaggregation for Baseline  
log Indigenous Cows in Milk = 10.3               +   0.597   log Cow Inventory 
                                                   14.54***             9.73***                        Adj. R2 = 0.886 
 
log Crossbred Cows in Milk  = -21.3              +   3.23   log Cow Inventory  
                                                  -8.05***              14.07***                       Adj. R2 = 0.947 
 
log Buffaloes in Milk             = 4.81               +   1.08  log Cow Inventory 
                                                   6.91***              17.97***                       Adj. R2 = 0.964   
 
Milk Quantity                         =  -7.19x10^6   +   3,640 t 
                                                    -37.02***          37.54***                       Adj. R2 = 0.972 
 
Milk Yield                              =   -34.2            +   0.018 t 
                                                    -38.41***          39.48***                       Adj. R2 = 0.974 
 
log Milk Price                         =   -133             +  0.071 t 
                                                     -72.03***         77.28***                       Adj. R2 = 0.993 
 
log CPI                                    =   -141             +  0.072 t 
                                                     -49.78***         51.11***                       Adj. R2 = 0.989 
T-statistics are reported under the estimated coefficients.  *** Indicates significance at 
the 1% level. 
 
A double log specification was used to disaggregate the OECD cow inventory into 
different breeds.  For the other series, a linear form was assumed unless the data showed 
an exponential curve as was the case with the CPI and the milk price. 
The combination of these trends resulted in a stable scenario which projected a 
rise in the national dairy herd of a 0.9% average annual growth rate in the animals in milk 
population (Table 5.20).  The national yield had an average annual growth rate of 1.3%.  
The fluid milk production had an average annual growth rate of 2.2%.  The real price of 





Table 5.17 Baseline Results 
 Year 2010 2020 2030 2040 2050 
National FMD Prevalence (%) 
 
29 29 29 29 29 
Calf Crop (million head) 
 
40 50 59 62 66 
Animals in Milk (million head) 
 
78 96 111 118 124 
Milk Production (million MT) 
 
122 166 213 249 285 
Milk Price (‘000s 2013 rupees) 
 
34.0 31.9 31.1 30.7 30.3 
 
These results extrapolate the OECD forecast to 2050.  Nominal milk prices from 
the OECD were projected to have an average annual increase of 7.7% over the same 
period.  The projection of the real milk price was calculated from the projection of the 
CPI and the nominal milk price.   Buffalos in milk increase by 1.0% each year on 
average.  Crossbred animals in milk increase by 2.9% each year while indigenous 
increase by 0.6% each year.  Now that a stable supply and baseline have been established, 
the differential form of the model can be constructed.  The full baseline can be found in 
the appendix. 
 
5.9 Differential Form Implementation 
To implement the differential form version, the elasticities for the price behavior 
of producers and consumers were used.  The elasticities used have been listed in Table 
5.18 and were based on the linear version of the herd equations.  Along with these price 
elasticities, elasticities linking the milking herd growth to the calf crop and vice versa 





Using the statistically significant relationships that were found between the 
variables in section 5.7, elasticities can be calculated for use in the differential form 
version of the model.  For a linear equation, elasticities can be calculated by taking the 
estimated coefficient times the ratio of the independent variable to the dependent variable 
at a point in time.  The nonlinear elasticities were calculated by finding the percentage 
change in the dependent variable given a 1% change in the explanatory variable and 
using 2012 values for the base levels. For example, the calf crop elasticity used the 2012 
values of the calf crop for the base calf crop value.  The total cows in milk were increased 
by 1% and the resulting percentage change in calf crop population was used to calculate 




� / 𝚫𝚫  ( 5.9 ) 
where celast is the calf elasticity with respect to the change in the cow herd, Δ is the 
percentage change that is applied to the dairy herd variable (e.g. 0.01), COW is the 2012 
animals in milk, and R is the estimated birth rate equation of calves detailed below using 
the 2012 milk price ratio and the structural change variable. All elasticities were 
calculated with this approach. 
The above approach resulted in milk price and feed cost elasticities for the calf 
crop in the most recent period of observed data at 0.126 and -0.125 respectively. The 
resulting calf crop and milk price elasticities for indigenous animals in milk are 0.11 and 
0.19 respectively.  The elasticity for buffaloes in milk with respect to the calf crop was 
0.29 at 2012 levels of the variables.  The elasticity for crossbred animals in milk with 
respect to the calf crop was 1.49. This elasticity for crossbred cattle is larger than the 





crossbred cattle population being highly correlated with the rising calf crop and the 
exclusion of price effects to account for a portion of this increase.  Since indigenous 
animals can be bred with exotic cattle to create more crossbred animals, it is possible for 
the crossbred to calf crop elasticity value to exceed unity.  The next chapter will explore 
sensitivity analysis of this elasticity using the total cows equation in Table 5.14 and 
obtaining the crossbred value by subtraction.  The elasticities used in the differential form 
version have been collected and displayed in Table 5.18 along with ranges for confidence 












+ 1 Std. 
Error 
- 1 Std. 
Error 
Calf Crop with Respect to     
     Milk Price 0.126 0.079 0.097 0.060 
     Total Animals in Milk 1.000 1.000 N/A N/A 
     
Indigenous Animals in Milk with 
Respect to  
   
     Milk Price 0.194 0.170 0.221 0.110 
     Calf Crop 0.110 0.090 0.106 0.074 
     
Crossbred Animals in Milk with Respect 
to  
   
     Milk Price 0.000 0.000 0.000 0.000 
     Calf Crop 1.494 1.628 1.549 1.734 
     
Buffalo Animals in Milk with Respect to     
     Milk Price 0.000 0.000 0.000 0.000 
     Calf Crop 0.288 0.256 0.267 0.243 
     
Rural Demand with Respect to     
     Milk Price -0.607 -0.812 -0.406 -1.212 
     Rural Income 1.008 1.281 1.496 1.065 
     
Urban Demand with Respect to     
     Milk Price -0.279 -0.321 -0.168 -0.474 
     Urban Income 0.481 0.476 0.536 0.417 
*These values are used in the differential form model to evaluate the scenarios. 
 
The model equations for the differential form of the model can be represented by 
the following.  These equations are obtained by taking the derivative of the linear 
equations in section 5.7 and multiplying by the ratio of the level of the variables.  For 
example, the linear indigenous cow equation in Table 5.11 becomes:   





where Ind�  is the percentage change in the number of indigenous cows from the previous 
period, MP�  is the percentage change in price, and Calf Pool�  is the average percentage 
change in the calf crop for the periods t-4 to t-10.  The coefficients on these variables are 
the elasticities at 2012 levels.  Below is the entire differential form version of the model. 
Table 5.19 Differential Form of Model 
BR� t = 0.13 MP� t-1   
Ind� t = 0.19 MP� t-1   +  0.11 Calf Pool�     
CB� t =  1.49 Calf Pool�     
Buff� t =  0.29 Calf Pool�     
Cow�t =  Ind� t  x Indt/Cowt +CB� t  x CBt/Cowt+Buff� t  x Bufft/Cowt 
Calf� t =  BR� t  +Cow�t  +FMD� t,calf   
Q�t,I =  Y�t,I  +Ind� t  +FMD� t,I   
Q�t,CB =  Y�t,CB  +CB� t  +FMD� t,CB   
Q�t,Buff =  Y�t,Buff  +Buff� t  +FMD� t,Buff   
D�t,u = -0.28 MP� t  + 0.48 Inc� t,u   
D�t,r = -0.61 MP� t  + 1.01 Inc� t,r   
Qt,I Q�t,I  + Qt,CB  Q�t,CB + Qt,Buff  Q�t,Buff  = Dt,u D�t,u  + Dt,r D�t,r      
 
where the hat above the variables indicates a one year percentage change in the variable 
underneath, BR is the birth rate, Ind is the number of indigenous cows in milk, CB is the 
number of crossbred cows in milk, Buff is the number of female buffaloes in milk, MP is 
the milk price, Calf Pool is the average of the relevant calf crops for the respective bovine 
type (eg. for Ind and Buff it is t-4 to t-10, for CB it is t-3 to t-6), Cow is the total number 
of bovines in milk, Q is the annual milk produced, Y is the annual yield of milk for one 
animal, D is the quantity of milk demanded and Inc is the annual household income.   
To illustrate the approach, consider the equation for Cow�t.  The percentage change 
in total cows in milk is calculated by taking the weighted sum of the percentage change in 





types is weighted by the baseline proportion of these animals in the total herd for that 
year in the baseline projection. 
For demand, the elasticities reported in Table 5.21 were weighted by the 
appropriate population.  These weighted averages were then used to determine the change 
in the price of milk given a change in quantity from the herd dynamics.  The full 
differential form numerical model can be found in the appendix. 
With an appropriate numerical model, it is now possible to turn to the results of 
quantifying scenarios of FMD control in India.  The next chapter will evaluate the fluid 
milk production with no change to the current endemic situation as a base case.  Flawless 
execution of the progressive control pathway to reach the projected goals will be 
compared to the base case as well as possible deviations from this plan based on the 
timing of states entering stage 3. The results from using this analysis of the fluid milk 







CHAPTER 6.  APPLICATION OF SIMULATION TO A CONTROL PROGRAM FOR 
FMD IN INDIA 
This chapter describes the results of three different speeds of a foot and mouth 
disease (FMD) reduction plan in India. These scenarios are an accelerated scenario that 
achieves FMD free status in 2025, a conservative scenario that begins Stage 3 in the 
majority of states in 2025, and an intermediate scenario. The intermediate scenario uses 
the timing of the accelerated scenario but at a slower rate of prevalence decline.  The 
national impacts on producers and consumers are reported as well as a discussion of 
individual producer impacts. Also the robustness of the intermediate results are explored 
using sensitivity analysis on the various elasticity values. 
 
6.1 Consumer Surplus Calculation 
To quantify national impacts to consumers, consumer surplus was used.  
Consumer surplus is the area under a demand curve between the maximum price that 
consumers are willing to pay and the actual price that is paid.  Since the demand equation 
is linear, the first step is calculating the choke price when the quantity supplied is zero.  
The choke price is obtained by setting the demand equation to zero and solving for price 
at a given income level.  Consumer surplus is then obtained by calculating the area under 
the curve (which is a triangle) between this choke price and the price in the model for that 





the base from the scenario consumer surplus.  The following equation illustrates this 
calculation: 
ΔCS𝑚𝑚 = 0.5 ∗ �P𝑐𝑐,𝑚𝑚,𝑒𝑒 − P𝑒𝑒� ∗ Pop𝑚𝑚 ∗ q𝑚𝑚,𝑒𝑒 − 0.5 ∗ �P𝑐𝑐,𝑚𝑚,𝑏𝑏 − P𝑏𝑏� ∗ Pop𝑚𝑚 ∗ q𝑚𝑚,𝑏𝑏  ( 6.1 ) 
where ΔCSm is the net change in consumer surplus from the scenario for region m, Pc,m,s 
is the choke price for the scenario in region m, Ps is the model price in the scenario, Popm 
is the population in region m and qm,s is the scenario per capita quantity demanded for 
region m calculated from the estimated demand equation in Table 5.7.  The variables in 
the second term of the equation take the same definitions except they are applied to the 
baseline.  This is done for each sector, rural and urban, and then added together.  The 
base case consumer surplus is then subtracted from the new scenario consumer surplus. 
 The next sections discuss three different FMD reduction scenarios.  The 
motivation for these scenarios is discussed followed by the results from exploring these 
scenarios. 
 
6.2 Implementation of PCP Control Plan 
The FMDCP (foot and mouth disease control program) in India plans to have 
different states reaching different stages of the plan at various years.  For 2013-2017, 
planned expenditure on the program is 420 million rupees per year (PDFMD).  Using the 
empirical model in Chapter 5, the impacts of the program can be calculated and 
compared to this expenditure.  For modeling the control program, there are three main 
groups of states.  Table 6.4 lists these states and the stage at each year.  The first group is 
already under mass vaccination at the end of Stage 3 and thus has zero prevalence during 





2018 leading to zero prevalence after this date.  Odisha and Chattisgarh are expected to 
begin Stage 3 in 2018, seeing the first decline in prevalence during 2019.  The rest of the 
states are expected to finish Stage 3 by 2025 (PDFMD 2012).  There is an upper and 
lower bound on the expected timing for this last group, where the states would be 
beginning Stage 3 in 2025 or completing Stage 3 in 2025 (See Pattnaik et al. 2012 for a 
discussion of the implementation of the plan).  The former will be referred to as the 
Conservative FMD Control scenario and the latter will be called the Accelerated FMD 
Control scenario.  The Intermediate FMD Control scenario is a mixture of these two 
scenarios and will be discussed below.  It lies between the other scenarios and examines a 
situation where the program is implemented as in the accelerated program but the rate of 
decline in prevalence is that from the conservative scenario. This slower prevalence 





Table 6.1 Indian States and Stage of PCP-FMD 
 State 2012 2018 2025 
ANDAMAN & NICOBAR ISLANDS 1 2 4 
ANDHRA PRADESH 2 3 4 
ARUNACHAL PRADESH 1 2 4 
ASSAM 1 2 4 
BIHAR 1 2 4 
CHANDIGARH 1 2 4 
CHHATTISGARH 1 3 4 
DADRA & N HAVELI 1 2 4 
DAMAN & DIU 1 2 4 
GOA 1 2 4 
GUJARAT 1 2 4 
HARYANA 3 4 5 
HIMACHAL PRADESH 3 4 5 
JAMMU & KASHMIR 1 2 4 
JHARKHAND 1 2 4 
KARNATAKA 2 3 4 
KERALA 2 3 4 
LAKSHADWEEP 1 2 4 
MADHYA PRADESH 1 2 4 
MAHARASHTRA 1 2 4 
MANIPUR 1 2 4 
MEGHALAYA 1 2 4 
MIZORAM 1 2 4 
NAGALAND 1 2 4 
NCT OF DELHI 3 4 5 
ODISHA 1 3 4 
PUDUCHERRY 2 3 4 
PUNJAB 3 4 5 
RAJASTHAN 1 2 4 
SIKKIM 1 2 4 
TAMIL NADU 2 3 4 
TRIPURA 1 2 4 
UTTAR PRADESH 1 2 4 
UTTARAKHAND 1 2 4 
WEST BENGAL 1 2 4 
Note: These are based on Pattnaik et al. 2012 and PDFMD 2012. Bold italicized numbers 
are explicitly stated in the sources while plain text numbers are the author’s assumptions. 
 
The prevalence rate for each state is applied to the bovine populations in these 





the declining prevalence curve estimated in Chapter 5.  A key assumption due to limited 
data is that the declining prevalence curve estimated in Chapter 5 applies to each state 
regardless of the bovine composition in the state.  In the accelerated scenario, the 
estimated decline in prevalence was too slow for the last group of states to reach the end 
of Stage 3 in 2025.  In order to meet the FMD free with vaccination by 2025 goal, the 
rate of decline for the accelerated scenario had to be 5 times the observed rate of decline 
in Haryana.  The intermediate scenario is a combination of the accelerated and 
conservative scenarios.  In this scenario the slower estimated prevalence decline of the 
conservative scenario is used but the starting point of Stage 3 in the accelerated scenario 
is used.  In all scenarios, FMD prevalence is approaching zero.  Figure 6.2 is a chart 
showing the national prevalence in the conservative, intermediate and accelerated 
scenarios. 
 















As the chart shows, the exponential decay is the dominant structure in the 
declining rates.  However, this smooth curve is broken up by the spread of the program 
into different regions.  The most important region in terms of national prevalence is the 
last region that contains 24 of the 35 states.  The flat prevalence between 2020 and 2025 
in the conservative scenario occurs when the entire 24 state group does not begin Stage 3 
until 2025.  All other states have completed Stage 3 so that there is no decline in 
prevalence during this 2020-2025 period for the conservative scenario. 
 To calculate the impacts of FMD it is necessary to recall the four types of 
economic impacts discussed in Chapter 2.  These are mortality, reduced lactation yield, 
abortion and delayed conception impacts.  These outcomes of the disease are mutually 
exclusive.  If an animal had a delayed conception it could not have had a morbid lactation 
since it would have recovered from the disease by the time it had given birth.  Abortions 
and delayed conceptions impacted both the animals in milk and the calf crop for that 
year.  For each state in each year, the new prevalence rate was subtracted from the 2012 
prevalence rate to obtain the proportion of animals that were healthy as a result of the 
program. These rates were then multiplied by the share of each impact to obtain the 
proportion of animals in each impact category.  The shares of the outcomes of FMD are 





Table 6.2 Likelihood of Economic Impacts for an Infected Animal 
  Indigenous Crossbred Buffalo 
Reduced Lactation 0.729 0.519 0.723 
 
   
Mortality 0.025 0.150 0.025 
 
   
Delayed Conception 0.225 0.292 0.205 
    
Aborted Pregnancy 0.021 0.039 0.047 
Source: Saxena 1994 
Reduced lactation yield is the most likely outcome of FMD.  The proportion of animals 
with an aborted pregnancy is the share of sick animals that are pregnant times the share of 
sick pregnant animals that have an aborted pregnancy.  If the animals do not have an 
aborted pregnancy, it is assumed that they have a reduced lactation yield (i.e. they are 
morbid).  This maintains mutually exclusive outcomes and fidelity with the data from 
Saxena (Saxena 1994). 
 The share of animals impacted by reduced lactation are then multiplied by the 
amount that yield is reduced.  This is weighted by the number of animals and yield share 
of each bovine type and added to the national yield.  The yield reduction was 15%, 16% 
and 18% for indigenous, crossbred and buffalo cattle respectively (Saxena 1994).  The 
delayed conception and abortion impacts were weighted by the proportion of the 
intercalving period that would have been extended if these impacts had occurred.  This 
approach directly follows Saxena 1994.   
To illustrate the above calculations, the effects of the reduction in prevalence for 
one year will be described for indigenous cattle in Andaman and Nicobar Islands.  This 
state has an original prevalence of 0.20.  Under these assumptions, after one year in Stage 





leaves 3.2% of the population healthy that would have experienced negative impacts 
from FMD.  From Saxena, 72.9% of indigenous animals with FMD experience reduced 
lactation yield.  This leaves 2.3% of the population in this year that have an increased 
yield of 15% versus the baseline.  For mortality impacts, 2.5% of indigenous animals 
with FMD die from the disease.  This leaves 0.08% of the indigenous cattle alive that 
would have died thereby increasing the indigenous cattle population of Andaman and 
Nicobar Islands by this amount.  Aborted pregnancies are the result of FMD 2.1% of the 
time in indigenous cattle.  The average aborted pregnancy lasts 4 months which is 23.3% 
of the 17.2 month average intercalving period for indigenous cattle. Annualized, this 4 
month period would have increased the intercalving period by 13.2%. Based on the share 
of reduced FMD caused abortions, the annualized cows in milk would increase by 0.01%.  
This same amount would be added to the calf crop equation since these animals also give 
birth.  Delayed conception occurs 22.5% of the time in indigenous FMD infected cattle.  
This delays conception on average 4.09 months.  On average, an indigenous cow would 
have 0.697 (i.e. 12/17.2) calves per year.  These delayed conceptions decrease the calving 
rate to 0.696 (i.e. 12/ [0.032*0.225*4.09+17]).  In total the decrease in delayed 
conceptions increases both the calf crop and the indigenous cows in milk by 0.1% for this 
one year.  For indigenous cattle, the calculations show that the reduce lactation yield 
effect is the largest followed by the delayed conception, mortality and abortions.  These 
effects for each year can each be applied to the differential form of the model.  When this 
is done, the scenario diverges from the baseline and national impacts on producers can be 





Under this approach, not only can changes in national revenue be calculated, but 
expected revenues for producers with different breeds can also be explored.   To illustrate 
the impact of FMD on the revenue of producers, 2012 yields and milk prices were used to 
calculate the revenue lost per animal if FMD occurs.  For indigenous cattle the weighted 
impact of all the symptoms of FMD was 2,667 rupees for one case of FMD including the 
likelihood of reduced yield, abortion, delayed conception and mortality.  The revenue lost 
from FMD was 17% of the revenue from a healthy indigenous animal.  For crossbred 
cattle and buffaloes the revenue lost for one case of FMD was 17,605 rupees and 8,492 
rupees respectively.  This was 22% of the revenue of a healthy crossbred animal and 30% 
of the revenue of a healthy buffalo. 
The expected revenue calculation is based on the national prevalence of FMD and 
the yield reduction from weighting the likelihood of reduced lactation yield, abortions, 
delayed conception and mortality from FMD.  To illustrate the expected revenue 
calculation, 2012 values are used for the price and yield values.  The equation for 
expected revenue per animal is below: 
E(R𝑛𝑛) = [Prev ∗ Y𝑛𝑛 ∗ (1 − Δ𝑛𝑛) + (1 − Prev) ∗ Y𝑛𝑛] ∗ 𝑃𝑃𝑚𝑚  ( 6.2 ) 
where E(Rn) is the expected revenue from animal of breed n, Prev is the national 
prevalence of FMD, Yn is the full healthy annual yield of milk from an animal of breed n, 
Δn is the percent reduction in yield due to FMD impacts in animal of breed n, and Pm is 
the price of milk.   
The expected revenue calculation can be used to demonstrate how producers are 
affected by changing levels of prevalence. This can be shown by calculating the expected 





difference in revenue between a sick animal and a healthy animal was calculated at 2012 
prices and yields.  This value was then weighted by varying levels of FMD prevalence. 
The figure below charts the resulting expected loss due to FMD for different values of 
FMD prevalence. The horizontal axis begins at the national prevalence of FMD and ends 
at eradication (0% prevalence). 
 
Figure 6.2 Expected Revenue Lost Due to FMD at 2012 Values 
 
The graph shows how the expected loss decreases as the FMD prevalence declines.  
Initially there is more monetary incentive for producers to cooperate with the vaccination 
program.  As the prevalence of the virus diminishes, the expected cost from an infection 
decreases since it is less likely that an infection will occur.  Since crossbred cattle have 
the most milk production, producers owning these cattle have the most anticipated benefit 
from cooperating with the control program. 
Using equation 6.2 the expected revenue can be calculated for the baseline and the 

































scenario, the expected revenues can be compared at the resulting prices and yields in the 
scenarios.  These dynamics will be discussed in more detail in the context of the FMD 
control scenarios.  
 
6.3 Conservative FMD Control Scenario 
As the table below indicates, over the forecast period in the conservative scenario, 
the prevalence of FMD declines nearly the full 29% of the starting prevalence amount.  
As seen in Figure 6.3, the bulk of this decline occurs after 2025 when the 24 states begin 
Stage 3. The results over time can be seen in Table 6.3 and Figure 6.3. The average 
results over this period are discussed next.   
Over the forecast period, the cows in milk expanded by 1.8% above the baseline 
on average each year as a result of the conservative control scenario.  The calf crop 
increased at an average annual rate of 0.8%.  Milk production increased by 3.7% over the 
baseline on average.  The real milk price declined by an average -8.0%.  For the welfare 
impacts, a discount rate of 3% was used for the producer revenue and consumer surplus 
calculation.35  This scenario resulted in an annual average 4.3% rise in consumer surplus 
which is 216 billion rupees each year on average.  Rural consumers have an annual 
average increase of 7.8% in consumer surplus compared to urban consumers which have 
a 3.4% increase.  Rural consumers benefit more from a lower price due to the less 
inelastic elasticity of demand for milk as shown in Table 5.8.  The increase in rural 
consumer surplus was 64 billion rupees each year on average.  For urban consumers, the 
                                                 
35 The 3% value for the discount rate was chosen based on a discussion of discount rates by Boardman et al. 





increase was 151 billion rupees per year.  Producer revenue decreased on average each 
year.  This annual average change in producer revenue was -4.7%, and the annual 
revenue reduction was 153 billion rupees on average due to the falling price. 
Table 6.3 Conservative FMD Control versus Baseline 
Year 2010 2020 2030 2040 2050 
National FMD Prevalence 
   (% of baseline prevalence) 
100 76 31 5 1 
Calf Crop (million head) 0 0.2 0.5 0.7 0.8 
Animals in Milk (million head) 0 0.6 2.2 3.4 3.9 
Milk Production (million MT) 0 2.0 8.8 14.6 18.1 
Milk Price (‘000s rupees) 0 -0.8 -2.7 -4.0 -4.4 
Producer Revenue (billion rupees) 0 -50 -180 -244 -240 
Consumer Surplus (billion rupees) 0 80 268 358 351 
   Urban (billion rupees) 0 50 179 256 266 
   Rural (billion rupees) 0 30 89 102 85 
 
The reduction in sector revenue occurs as a result of inelastic demand.  Figure 6.3 
shows that the percentage change in price exceeds the percentage change in milk output.  
Over time the lower price in the FMD control scenario becomes more greatly separated 
from the baseline and reaches a 15% reduction in the later years. The change in revenue 
indicates the short-run change in producer welfare since output is predetermined and 
costs are sunk. The shocks from the lower milk price are to a degree offset by the rise in 
fluid milk production.  This leaves producer revenue still negative but at a smaller 
magnitude than the price decline.  These percentage change results over time are depicted 






Figure 6.3 Conservative FMD Control Change from Baseline 
The overall structure of the results follows the prevalence decline path for the 
conservative scenario in Figure 6.1.  The tapering in consumer surplus occurs as a result 
of the price declines in the conservative scenario which taper in later years leading to 
smaller increases in the scenario consumer surplus.  The increase in consumer surplus 
approaches a steady state rise each year.  These benefits are accruing over time. 
Revenues from fluid milk production for the entire sector decline despite an 
increase in the milk produced.  This is due to the price decline in the scenario.  By using 
the prevalence and yield reduction from FMD impacts, a national expected value for the 
producer can be calculated using the method illustrated in equation 6.2.  Compared to the 
baseline expected revenue for one animal for each year, the annual expected revenue is -
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than the base case on average each year.  For buffalo it is -5.9% lower.  Relative to the 
baseline, expected revenues for the sector are lower regardless of bovine type.  However 
individual producers see a decrease in expected loss depending on the type of bovines 
that they own and the prevalence of the virus. 
Individual producers will have lower expected losses from FMD as the 
conservative control program is implemented.  As described in Section 6.2, in the first 
year of the scenario, a producer that has FMD on his/her production system will 
experience at least a 17% lower revenue compared to a producer that does not have FMD 
in his herd.   However expected losses change depending on the bovine type and 
likelihood of exposure to the disease.  For example, if a producer has a healthy herd and 
resides in a state that is further along in controlling FMD, he/she will be affected more by 
the price change and not expect much in terms of reduced mortality and morbidity from 
the control program since the prevalence of the virus is low.  On the other hand, 
producers with higher FMD risk will expect to have output gains from immunity to the 
disease that are weighted near the full value of the loss since prevalence of the virus is 
high.  These expected gains from immunity counteract the price decline to the degree that 
exposure to the virus is likely to occur.  Thus there are differences in expected losses by 
state and by producer type.  The graph below illustrates how the declining national 






Figure 6.4 Expected Loss for Producers in Conservative Control Scenario 
This chart illustrates a similar relationship between prevalence decline and decreasing 
expected losses as Figure 6.2.  However, the yield and price impacts from the program 
are included in the data displayed in the figure.  The overall shape of the curves is 
determined by the prevalence decline with fluctuations occurring due to price and yield.  
An additional perspective is to consider how the expected revenue in the 
conservative scenario changes over time at the beginning of the forecast period to the 
end.    This change in expected revenue over the forecast period can be found by 
calculating the expected revenue of the conservative scenario during the first year of the 
forecast and compare it to the value for the conservative scenario in the last year of the 
forecast.  In this context, the conservative scenario shows that owners of indigenous 
cattle will see a 31.9% rise in the expected value of revenue during the forecast period.  
































cattle will see a -2.8% change in expected revenues.  This is due to a relatively lower 
reduced lactation yield share of total effects and a higher output value in crossbred cattle 
compared to indigenous cattle.  Thus the price decline offsets the increases in yield.  
Furthermore, the mortality share of effects is higher in crossbred cattle.  Delayed 
conception and aborted pregnancies are a relatively low share of the effects on output 
from FMD.  The next scenario will discuss results from a faster FMD control path. 
 
6.4 Accelerated FMD Control Scenario 
The accelerated scenario has an FMD decline that is more rapid than the 
conservative scenario.  This is due to assuming that the last 24 states reach the end of 
stage 3 in 2025.  The difference between this scenario and the conservative scenario 
arises due to the differences in the timing of the FMD reduction plan. The faster 
introduction of the program leads to more milk output and a larger drop in price.  Table 
6.4 shows the resulting larger consumer surplus gains and a larger decline in revenue 
compared to the conservative scenario (Table 6.4). 
In this scenario, the calf crop expanded by 1.0% on average per year above the 
baseline.  The cows in milk increased by 2.4% more than in the baseline. This led to a 
milk production increase above the baseline of 4.9% on average per year.  Prices declined 
by -10.6% on average compared to the baseline.  This scenario resulted in an annual 
average 5.9% rise in consumer surplus which is 294 billion rupees each year on average. 
This increase is split between rural and urban consumers.  Rural consumers have an 
average increase in consumer surplus of 10.6% per year which is 91 billion rupees.  





Producer revenue decreased on average -6.3% compared to the baseline each year.  This 
is an average annual revenue reduction of 210 billion rupees.  The table below illustrates 
these results at each decade of the forecast period. 
Table 6.4 Accelerated FMD Control versus Baseline 
 Year 2010 2020 2030 2040 2050 
FMD Prevalence (% of baseline) 
 
100.0% 33.4% 0.0% 0.0% 0.0% 
Calf Crop (million head) 
 
0 0.2 0.7 0.8 0.8 
Animals in Milk (million head) 
 
0 1.9 3.2 3.6 3.9 
Milk Production (million MT) 
 
0 6.6 13.1 15.7 18.3 
Milk Price (‘000s rupees) 
 
0 -2.6 -4.0 -4.2 -4.5 
Producer Revenue (billion rupees) 
 
0 -174 -276 -263 -244 
Consumer Surplus (billion rupees) 
 
0 271 401 384 355 
   Urban (billion rupees) 0 169 267 274 270 
   Rural (billion rupees) 0 101 134 110 86 
 
The prevalence decline is more rapid than in the conservative scenario by 
reaching zero prevalence in 2025 (Figure 6.1).  The accelerated scenario results are 
compared to the conservative scenario in Figures 6.5-6.8.  The owners of different bovine 
types are impacted in a similar way to the conservative scenario.  Expected revenues, 
over the period 2012 to 2050, declined 3.0% for producers using crossbred cattle and rose 
31.7% for producers using indigenous cattle due to yield increases.  Expected revenue 
rose 11.4% for buffalo owners.  The difference for producers owning crossbred cattle is 





more rapidly reduced. On the other hand the difference for indigenous cattle producers is 
more severe in the accelerated case.  This occurs because the price drops more quickly in 
the accelerated scenario which offsets the more rapid gains in yields (since yields are 
relatively small at the start).  Compared to the base case scenario, producers of 
indigenous cattle see an expected revenue decline of 5.9% per year on average.  Buffalo 
owners see a 7.8% decrease.  Crossbred cattle producers see an 8.7% decline in expected 
revenue on average per year compared to the base line.   
The following four figures compare the results from the conservative, accelerated 
and intermediate scenarios directly for milk production, milk price, producer revenue and 
consumer surplus.  The intermediate scenario is discussed in the next section.  In each 
graph, the intermediate scenario follows a middle path while the accelerated scenario is 
the fastest.  In the accelerated scenario, nearly all of the impacts occur by 2025.  The 
other scenarios reach this level more slowly.  Small differences from the accelerated 
scenario are evident for the other scenarios by 2040 and in some cases 2035.  The three 
scenarios eventually converge to a state where national FMD is approaching zero 






Figure 6.5 Milk Production Scenario Results  
 
Figure 6.6 Milk Price Scenario Results 





















































Figure 6.7 Producer Revenue Scenario Results 
   
 























































The percentage change in consumer surplus tapers over time as the gains from the control 
program are compared to an increasing base consumer surplus.  Since large gains occur 
earlier with the accelerated program, the sum of the benefit to consumers of the entire 
period is 12.1 trillion rupees versus 8.8 trillion rupees in benefit to consumers in the 
conservative scenario.  The sum of the benefits to urban consumers is 2.1 trillion rupees 
higher in the accelerated scenario versus the conservative scenario.  For rural consumers 
it is 1.2 trillion rupees higher in the accelerated scenario.  The gains from the program are 
initially small following the initial lag in implementation of the program for 24 states.  
The intermediate scenario is discussed next. 
 
6.5 Intermediate FMD Control Scenario 
The intermediate scenario takes a middle-of-the-road path for FMD control.  The 
slower rate of decline from the conservative scenario is used in conjunction with the early 
Stage 3 start dates in the accelerated scenario.  The slower rate of decline is based on the 
observed rate of diffusion in Haryana of the control program discussed in Chapter 5 
(Table 5.9).  This resulted in consumer surplus and producer revenue which was between 
the accelerated and conservative results (Table 6.5, Figures 6.5-6.8). 
In this scenario, the calf crop expanded by 0.9% on average per year above the 
baseline.  The cows in milk increased by 2.1% per year compared to the baseline. This 
led to a milk production increase above the baseline of 4.4% on average per year.  Prices 
declined by -9.5% on average compared to the baseline.  This scenario resulted in an 
average 5.2% rise in consumer surplus which is 260 billion rupees each year on average.  





Urban consumers gain 4.1% per year on average which is 181 billion rupees on average 
each year.  Producer revenue decreased on average -5.6% compared to the baseline each 
year.  This is an average annual revenue reduction of 185 billion rupees.  The table below 
illustrates these results at each decade of the forecast period. 
Table 6.5 Intermediate FMD Control versus Baseline 
 Year 2010 2020 2030 2040 2050 
FMD Prevalence (% of baseline) 
 
100.0% 64.5% 10.9% 1.9% 0.3% 
Calf Crop (million head) 
 
0 0.2 0.6 0.8 0.8 
Animals in Milk (million head) 
 
0 1.0 2.8 3.6 3.9 
Milk Production (million MT) 
 
0 3.3 11.5 15.3 18.2 
Milk Price (‘000s rupees) 
 
0 -1.3 -3.5 -4.1 -4.4 
Producer Revenue (billion rupees) 
 
0 -83 -241 -256 -243 
Consumer Surplus (billion rupees) 
 
0 133 353 375 354 
   Urban (billion rupees) 0 83 236 268 268 
   Rural (billion rupees) 0 49 118 107 85 
 
The prevalence decline is more rapid than the conservative scenario since stage 3 
of the last group of states is begun in 2020 (Figure 6.1).  As shown in Figures 6.5-6.8, the 
results from the intermediate control scenario lie between the accelerated and 
conservative scenarios. Crossbred, indigenous and buffalo owners are impacted in a 
similar way to the conservative scenario.   
In summary, these results show how important the timing of the FMD control 





revenue.  The consumers benefit from the program since they experience lower milk 
prices.  Although the magnitude of the impacts for urban consumers is larger, rural 
consumers have a higher percentage increase in consumer surplus than urban consumers.  
The benefits to producers are more nuanced depending on the prevalence of FMD in their 
region and the type of bovine breed that they own.  If crossbred cattle are owned, 
producers will see lower expected revenues as a result of the program due to lower milk 
prices.  Producers of indigenous cattle will see less severe but still lower expected 
revenues versus the base case.  However, as yields increase over the forecast period, all 
producers in the baseline and every scenario experience increasing expected revenues.  
Also, individual producers are better off compared a situation where their herd has FMD. 
 
6.6 Sensitivity Analysis 
The results have used elasticities based on statistically significant values estimated 
in Chapter 5.  However, they are sensitive to changes in assumed elasticity values.  A 
wide range of values for the elasticities was obtained using the nonlinear and linear 
versions of the model.  To determine how robust the results are, the nonlinear elasticities 
with respect to the milk price and the calf crop are assumed and compared to the original 
results from the linear elasticity calculations.  The nonlinear elasticities are implemented 
in a linear differential model as described in Chapter 5. The intermediate scenario results 
in 2050 are recalculated at the extremes of the ranges of these elasticities. 
In particular the crossbred to calf crop elasticity and the milk price herd 
elasticities are explored.  The crossbred cow to calf elasticity was estimated to be 1.49.  





increase in the number of crossbred cows in milk.  Unless crossbred cows have an 
unnaturally high prevalence of twin births, this value indicates that the increase in 
crossbred cows does not come from crossbred animals alone.  This is possible since 
indigenous cattle such as Sahiwal, Red Sindhi and Tharparkar breeds can be bred for 
crossbred cattle (Taneja 1999).  However, another perspective on the crossbred cow to 
calf elasticity is to calculate the elasticity by using a combination of the estimated 
equations for the total cows, indigenous and buffaloes in milk that are shown in Tables 
5.14, 5.11 and 5.13 respectively.  The crossbred to calf elasticity can then be calculated 
by deduction.  The approach to the crossbred cow calculation is represented in the 
equation below: 
CB𝑡𝑡 = TC𝑡𝑡 − Ind𝑡𝑡 − Buff𝑡𝑡  ( 6.3 ) 
where CBt is the crossbred animals in milk, TCt is total bovines in milk, Indt is the 
estimated indigenous animals in milk from Table 5.11 and Bufft is the estimated 
buffaloes in milk from Table 5.13.  Using this approach the crossbred cow to calf 
elasticity was calculated to be 0.847.  This value is much closer to those found in the 
direct estimates for indigenous cattle and buffalo. 






Price Elasticity of Crossbreds in Milk 0 0.233 0 
Calf Crop Elasticity  1.494 1.494 0.847 
Animals in Milk (million head) 128 127 128 
Total Milk Production (Million MT) 304 301 303 






The table shows that the price elasticity has a greater effect on the results than the calf 
crop elasticity.  Using the lower calf crop elasticity, the price does not decline as much as 
when the higher calf crop elasticity is used.  The year 2050 was used to show the full 
extent of the divergence implied by the alternate elasticity assumptions since that gives 
time for the full herd adjustments to occur. 
 In order to investigate the price impacts more thoroughly, the intermediate 
scenario was run excluding all supply price elasticities.  This was compared to the 
original intermediate scenario and a scenario using the elasticities calculated from the 
nonlinear model.  The table below shows these results.  








Indigenous Price Elasticity  0.194 0 0.208 
Crossbred Price Elasticity  0 0 0.233 
Buffalo Price Elasticity 0 0 0.029 
Calf Crop Price Elasticity  0.126 0 0.103 
Indigenous Cows (million head) 37 38 37 
Crossbred Cows (million head) 36 39 35 
Buffalo Cows (million head) 55 55 54 
Animals in Milk (million head) 128 133 127 
Total Milk Production (Million MT) 304 313 301 
Milk Price (‘000s rupees) 25.9 23.6 26.6 
 
Table 6.7 illustrates changes in ending herd size and relative shares of each 
bovine type.  Figures 6.9-6.11 show the path to these endpoints. When there are no price 
effects the relative shares of bovines do not change and all three bovine types expand 
herd numbers. With price effects there is total herd expansion but at a lower magnitude. 





As seen in Table 6.7, the inclusion of the price elasticities cause the bovine herds 
to contract relative to the intermediate scenario as decreasing prices over the projection 
lead to a smaller herd.  This reduces milk production which increases the price compared 
to the intermediate control.  A smaller benefit to consumers occurs when the price is 
higher and milk production is lower. The use of the nonlinear elasticities results in a 
smaller benefit to consumers versus the intermediate control.  Comparing the nonlinear 
elasticities to the scenario with no price effects, the mix of the national herd changes as 
buffaloes are the most inelastic and crossbred cattle are the least inelastic.  In the last year 
of the projection, the inclusion of the nonlinear elasticities results in crossbred cattle 
becoming a smaller share of the total herd because crossbred cattle are more responsive 
to the milk price decreases.  This occurs despite a rising crossbred cattle population as 
shown in Figures 6.9-6.11 since Table 6.7 is comparing the endpoints of the simulations.  
At the end of the projection period, indigenous cattle are a larger share of the total with 
no price effects versus the intermediate scenario using linear elasticities.  Figures 6.9-
6.11 illustrates the impact of different elasticity scenarios on the number of bovines of 







Figure 6.9 Sensitivity Analysis for Indigenous Cattle in Milk 
   




















































   
Figure 6.11 Sensitivity Analysis for Buffalo in Milk 
Figures 6.9-6.11 illustrate the difference in herd size for each bovine type depending on 
the elasticities implemented in the intermediate scenario.  When non-zero price 
elasticities are used, the indigenous cattle herd size decreases.  For crossbred and 
buffaloes, the use of positive price elasticities dampens the increases in herd size that 
result with no price effects. 
The next chapter concludes the paper.  The implications of the control program 
for producers of different breed types will be discussed.  The objectives will be evaluated 
regarding whether the FMD control program of India is beneficial and how timing of the 
implementation of the program will impact the results. Also, opportunities for future 































CHAPTER 7.  CONCLUSION AND DISCUSSION 
The research provided in this study investigates the decision of the Government of 
India (GOI) to invest in foot and mouth disease (FMD) control measures in cattle using 
vaccination.  To evaluate the control measures, a dynamic partial equilibrium economic 
model of the fluid milk sector of India was developed to leverage prevalence data 
provided by the Indian Council of Agricultural Research’s Project Directorate on Foot 
and Mouth Disease in Uttarakhand, India (PDFMD).  The methods employed found that 
the FMD control program benefits consumers because increased milk production lowers 
the price of milk.  Although individual producers benefit from FMD control there is a 
national producer revenue loss for the fluid milk production sector due to lower prices. 
 
7.1 Conclusions 
India has decided to invest in eradicating FMD.  If successful, this investment 
would increase milk production from milk animals.  In the past, gains in milk production 
from Operation Flood Programs I, II, and III, increases in the national milk animal herd 
population as well as the eradication of rinderpest have resulted in increases in per capita 
milk production.  In this context, the effects for producers and consumers of declining 
FMD as the result of an FMD control program were investigated.  The objectives set 





outweigh the expenditure on the program, how a delay in the program would affect the 
results, and how the impacts of the program would affect producers. 
To answer these questions a model was developed that simulates fluid milk 
production and demand in India.  This was a dynamic partial equilibrium model with 
endogenous milk prices and production.  Dairy herd dynamics were estimated to obtain 
milk price and calf crop elasticities.  A differential form version of the model was then 
used to evaluate FMD control scenarios in comparison to a projection of the OECD 
agricultural outlook forecast to 2050.   
The study set out to quantify the impacts of three FMD control scenarios on the 
dairy fluid milk sector of India.  The control scenarios are an accelerated, conservative 
and intermediate control program.  The accelerated program has the fastest path with 
FMD free with vaccination status achieved in 2025.   The conservative scenario is the 
slowest with the majority of the country starting mass vaccination control in 2025.  The 
intermediate scenario uses the timing of the accelerated scenario but at the slower rate of 
prevalence decline used in the conservative scenario.  The intermediate scenario lies 
between the two other control paths.   
In all scenarios, consumers benefit from lower milk prices than would otherwise 
have occurred without the program.  Consumer surplus is 4.3 - 5.9% larger than the 
baseline on average per year depending on the scenario.  At the end of the projection, the 
increase in consumer surplus is 6.7-6.8% over the baseline.  Urban consumers have a 3.4-
4.6% increase in consumer surplus while rural consumers have a 7.8-10.6% increase.  
The accelerated scenario has the largest impacts, which occur sooner in 2025 versus 





the impacts on producers.  The results show that with full implementation of the program 
the real price decline of milk ranges from 8.0% in the conservative scenario to 10.6% in 
the accelerated scenario on average per year.  With full implementation of the program 
the milk price is 14.5-14.7% lower than the baseline.  Milk production increases by 3.7-
4.9% of the baseline on average per year depending on the scenario.  This was 6.3-6.4% 
in the last year of the projection.  There is a temporal dynamic where the accelerated 
scenario causes production and price to show large changes sooner in year 2020.  These 
results coincide with 9.1-9.2% lower revenue for producers compared to the baseline in 
the last year of the simulation.  The annual control program cost is 420 million rupees per 
year during the period 2013-2017 (PDFMD).  Under the most conservative scenario, the 
average annual increase in consumer surplus exceeded the producer revenue change by 
74 billion rupees.  This exceeds the amount spent per year resulting in benefits which 
outweigh the costs.   
Regarding the timing of the control program, the stated goals are aggressive and it 
is possible that the country will not achieve FMD free with vaccination status in the 
suggested year of 2025 (PDFMD 2012).  Achieving the goal of India being FMD free by 
2025 would require declines in prevalence that are five times as great as the declines 
observed in Haryana where the vaccination program has been successful (Table 5.9).  A 
timeline delay is most likely to impact the results starting in 2019 and gradually declining 
until the control program is complete.  The delay decreases the benefit to the nation by at 
least 395 billion rupees over the entire simulation.  The results suggest that it is 
potentially worthwhile to invest more than the current annual expenditure to obtain the 





The final objective was to quantify how the impacts to producers change depending 
on bovine type.  The FMD control program reduces national revenues for the fluid milk 
sector compared to the baseline projection.  This is due to lower real prices which offset 
the higher output due to inelastic demand.  In all three FMD control scenarios, expected 
revenues declined more for crossbred cattle than indigenous cattle.  In the conservative 
(accelerated) scenario which has a slower (faster) decline in FMD prevalence, the 
expected revenue from crossbred cattle declines by 6.6% (8.7%) on average per year 
versus revenue from indigenous animals which declines by 4.5% (5.9%) on average.  A 
summary of the national expected revenue results is in Table 7.1. 
Table 7.1: Average Annual Change in Expected Revenue versus Baseline 
 Crossbred Indigenous 
Conservative FMD Decline -6.6% -4.5% 
Intermediate FMD Decline -7.8% -5.3% 
Accelerated FMD Decline -8.7% -5.9% 
 
The expected revenue results are driven by the interplay between yields and prices in the 
scenarios.  Crossbred cattle have higher yields and their output is impacted more by a 
decrease in price.  For all producers, the decrease in price offsets the increase in 
production from reduced FMD prevalence. 
 For individual producers, expected losses decrease over time as the prevalence of 
the disease decreases.  The revenue for an individual producer who has FMD in his/her 
herd is reduced by 17-30% versus an uninfected herd due to reduced milk yield, delayed 
conception, abortion, and death.  Crossbred cattle owners experience greater losses due to 
the high potential yield of these animals.  However, the likelihood of an animal being 





implemented.  As shown in Figures 6.2 and 6.4, crossbred cattle owners are impacted the 
most while indigenous cattle owners are impacted the least.  Ultimately, individual 
producers gain from the control program as the risk of losing revenue due to FMD 
decreases.  Thus, there is a difference between the impact of the vaccination program on 
the individual producer and the impact on producer revenues for the sector.  Sector 
revenues decline as the percentage decrease in milk price exceeds the percentage increase 
in milk output. 
 
7.2 Limitations and Suggestions for Further Research 
Although the results are clear, there are a few caveats that need to be mentioned.  
First, the baseline is consistent with rising nominal milk prices.  However, real milk 
prices decline over the projection period.  The projection is consistent with improving 
national per capita production of milk which is increased further as the FMD control plan 
is implemented.  This benefits consumers while sector revenues decline for producers.  
This result could change based on the following limitations of the model.   
Input costs and implications for trade were not considered.  If producers also 
experience a decline in costs as a result of the program, their profits may increase in spite 
of a revenue decline.  Also, trade of dairy products may increase in the future as 
international markets are more open to animal products from FMD free regions.  This 
scenario was not considered due to the historically small amount of trade discussed in 
Chapter 2.  
Regarding data, the reports on the dairy animal populations from the Government 





number of calves by breed in all years.  As more years of the calf crop population by 
breed are collected, the Chavas and Klemme method could be applied directly to each 
type of bovine breed.  This would provide the ability to investigate the decision to retain 
calves more thoroughly.  
An additional data limitation is in regards to how control measures affect FMD 
prevalence by bovine type.  There may be biological differences in the response of the 
animals to the mass vaccination program or managerial differences where certain types of 
bovines (e.g. crossbred cattle) are more often found on production systems where owners 
invest more in biosecurity and safety procedures.  Regardless, the study was limited in 
the assumption that one prevalence decline equation was used for all bovines (Table 5.9).  
Along with this data limitation, data could not be obtained to disaggregate national 
production into commercial and subsistence production systems. As a result the 
disaggregation was done along bovine type instead of farm type.  Due to lack of data it 
was not possible to separate the FMD response by farm type or bovine type.  
Another area for further research pertains to the price responsiveness of crossbred 
cattle owners.  Only calves and indigenous cattle populations demonstrated significant 
impacts from the milk price in both the linear and nonlinear methods employed in 
Chapter 5.  However, as Chapter 2 discusses, crossbred cattle herd management in 
commercial production systems are thought to be also influenced by milk prices.  While 
the linear estimation method did not uncover significant milk price effects for crossbred 
cattle, the nonlinear estimation method displayed significant effects from the age-price 
interaction term while the coefficient on the milk price alone was not significant at 





these methods fail to definitively isolate.  This would align with expectations regarding 
the behavior of producers managing these herds.  The sensitivity analysis in Chapter 6 
demonstrated how the inclusion of price effects impacts the composition and size of the 
bovine milking herd.  With price effects, lower milk prices lead to a smaller national milk 
animal population that has a larger share of buffalo milk animals than would occur 
without the price effects.   Additional work is needed to explore the behavior of crossbred 
cattle owners in regards to price. 
In addition to further research in regards to the methodology, the scope of the 
model could also be expanded.  Further research could include the impacts of other 
diseases such as mastitis or brucellosis.  Also, the model could be applied to investigate 
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 The tables in the appendix contain three different sets of numbers.  The first table 
contains the data used to estimate the econometric equations.  The second table contains 
the data used for the baseline forecast.  The last three tables contain the differential form 
version of the model for the intermediate, conservative, and accelerated scenarios. 
The data used to estimate the econometric models is shown in the table below.  
This table includes bovine population numbers from the FAS and GOI.  Annual milk 
yield rates for the animals and total milk produced is also included.  Prices from the 
OECD are displayed as well as the World Bank CPI.  Urban and rural per capita 
consumption, annual total expenditure and population are shown below.  Data for the 
















1980 33,110,000 87,130,000   
1981 35,000,000 91,300,000   
1982 37,920,000 91,100,000   
1983 38,280,000 92,200,000 36,300,000 13.74 
1984 38,670,000 93,300,000 38,700,000 14.88 
1985 39,040,000 94,700,000 42,300,000 15.71 
1986 39,480,000 92,860,000 44,000,000 17.08 
1987 40,777,000 101,200,000 46,100,000 18.58 
1988 40,259,000 102,583,000 48,700,000 20.33 
1989 40,419,000 104,139,000 51,500,000 20.99 
1990 43,453,000 105,284,000 53,500,000 22.87 
1991 47,794,000 106,270,000 56,400,000 26.05 
1992 46,421,000 107,400,000 58,650,000 29.12 
1993 40,700,000 110,190,000 61,000,000 30.97 
1994 42,000,000 111,730,000 63,000,000 34.13 
1995 48,000,000 113,700,000 66,000,000 37.62 
1996 49,000,000 112,900,000 69,000,000 41.00 
1997 50,000,000 112,460,000 72,000,000 43.94 
1998 51,000,000 112,500,000 74,500,000 49.75 
1999 51,900,000 113,000,000 77,000,000 52.07 
2000 52,600,000 113,800,000 79,250,000 54.16 
2001 53,000,000 114,360,000 81,000,000 56.16 
2002 53,500,000 114,920,000 86,200,000 58.62 
2003 54,500,000 115,487,000 88,100,000 60.85 
2004 57,000,000 105,310,000 92,500,000 63.15 
2005 58,000,000 106,500,000 97,100,000 65.83 
2006 58,500,000 107,500,000 100,900,000 69.87 
2007 59,000,000 109,000,000 105,000,000 74.32 
2008 60,000,000 111,091,000 109,000,000 80.53 
2009 60,000,000 112,000,000 112,000,000 89.29 
2010 61,000,000 114,000,000 116,995,000 100.00 
2011 62,500,000 116,000,000 123,000,000 108.86 
2012 63,500,000 117,500,000 129,000,000 119.00 
2013 65,000,000 118,598,000 134,500,000 131.97 
2014 66,000,000 123,000,000 140,500,000  






















Rural Per Capita 
Quantity of Milk 
(MT) 
1983 12,945.87 19,111.61 569,374,639 178,611,645   
1984  . 580,345,373 184,404,021   
1985  . 591,399,298 190,337,204   
1986  . 602,521,960 196,419,842 0.127 0.032 
1987 12,010.02 18,974.18 613,691,496 202,637,296 0.130 0.032 
1988 12,317.30 19,470.83 624,849,817 208,983,693 0.132 0.034 
1989 13,210.73 20,132.97 635,934,331 215,440,368 0.132 0.036 
1990 13,117.36 20,632.17 646,915,193 221,975,507 0.136 0.036 
1991 12,289.32 19,867.08 657,865,741 228,482,971 0.139 0.037 
1992 13,434.48 21,701.86 668,919,331 234,830,305 0.145 0.037 
1993 12,477.49 19,534.43 679,860,260 241,247,274 0.145 0.038 
1994 13,038.17 21,250.83 690,710,461 247,742,089 0.143 0.040 
1995 13,007.36 21,384.27 701,493,490 254,310,865 0.150 0.040 
1996 13,299.02 23,147.85 712,178,591 260,968,986 0.150 0.042 
1997 14,238.15 23,264.90 722,758,567 267,701,564 0.147 0.045 
1998 12,162.52 21,782.52 733,236,394 274,510,162 0.155 0.043 
1999 14,782.84 26,001.89 743,617,422 281,397,289 0.156 0.045 
2000 14,471.18 26,742.59 753,899,197 288,362,561 0.157 0.045 
2001 14,051.93 26,306.02 763,709,430 295,791,458 0.158 0.045 
2002 14,358.15 27,338.26 772,600,959 304,104,764 0.161 0.048 
2003 14,457.88 26,614.67 781,270,008 312,516,754 0.162 0.048 
2004 14,162.47 26,588.42 789,621,844 321,004,264 0.164 0.050 
2005 13,443.63 25,318.68 797,623,132 329,520,416 0.168 0.052 
2006 14,155.06 26,531.82 805,230,122 338,059,228 0.167 0.055 
2007 14,812.36 27,966.54 812,456,225 346,639,025 0.172 0.056 
2008 15,188.78 28,938.45 819,373,964 355,288,370 0.176 0.057 
2009  . 826,110,538 364,027,531   
2010 14,691.96 28,281.66 832,724,944 372,899,704 0.178 0.061 
2011  . 839,227,469 381,928,850   
2012 19,031.75 35,002.45 845,510,352 391,176,380 0.181 0.069 
2013   851,530,054 400,609,542   
2014   857,136,000 410,266,000   






















1983 3,446.79  13,288.18 22,560.42 
1984 3,825.28 8,152.53 14,969.53 24,308.92 
1985 4,047.61 6,730.68 14,619.10 26,003.11 
1986 4,223.96 5,250.91 16,352.68 28,469.84 
1987 4,602.45 4,539.56 22,595.85 31,855.82 
1988 5,179.19 6,410.29 19,258.60 35,390.77 
1989 5,871.95 6,688.16 20,600.37 39,382.57 
1990 5,972.41 6,553.32 21,933.08 44,476.85 
1991 6,689.98 6,442.03 41,836.73 51,781.40 
1992 7,511.43 6,251.67 44,860.41 57,676.93 
1993 8,150.43 6,122.38 48,800.84 64,666.78 
1994 8,739.19 6,449.82 56,575.90 72,519.84 
1995 9,289.42 7,405.60 56,120.16 81,002.49 
1996 9,668.60 9,943.65 51,637.56 88,731.96 
1997 10,066.83 7,022.04 55,053.06 96,213.18 
1998 10,919.80 6,116.19 62,819.48 106,055.08 
1999 11,820.42 5,410.33 49,020.80 111,918.58 
2000 13,125.41 5,309.43 60,978.35 117,940.73 
2001 13,424.94 5,375.80 54,492.96 123,809.47 
2002 13,934.81 5,953.32 49,451.18 128,239.09 
2003 14,218.00 6,319.09 52,041.46 132,976.97 
2004 14,917.67 6,704.91 55,510.51 140,946.56 
2005 15,074.61 5,917.39 62,945.11 147,057.16 
2006 16,008.41 6,520.97 70,102.99 156,219.48 
2007 17,390.49 7,238.27 77,742.61 165,655.92 
2008 20,063.92 7,766.67 123,292.26 167,512.58 
2009 22,328.18 8,846.23 116,776.55 176,998.77 
2010 24,943.75 9,456.62 135,375.49 193,328.30 
2011 28,224.65 11,092.62 176,698.07 209,458.30 
2012 32,036.86 12,712.14 170,658.02 226,067.44 
2013 32,899.27 14,555.40 185,533.83 244,414.03 
2014 35,371.02 16,796.93  263,580.65 



























2000 27,626,000 5,798,000 29,159,000 0.370 1.594 0.969  
2001 26,872,000 6,011,000 29,371,000 0.377 1.596 0.991  
2002 27,630,000 6,478,000 30,386,000 0.376 1.595 1.001  
2003 28,389,000 6,251,000 30,886,000 0.374 1.615 1.010 31.94 
2004 27,583,000 6,554,000 30,998,000 0.378 1.617 1.038  
2005 28,723,000 7,304,000 32,179,000 0.382 1.584 1.049 18.4 
2006 28,370,000 8,216,000 33,173,000 0.387 1.595 1.053  
2007        
2008 28,634,000 9,503,000 34,537,000 0.414 1.603 1.079 14.4 
2009 29,841,730 10,680,240 35,379,580 0.426 1.662 0.964  
2010 30,198,610 11,261,810 36,166,390 0.432 1.685 1.109 11.92 
2011 30,947,620 11,807,350 37,131,050 0.436 1.643 1.087 8.32 
2012 31,881,520 12,294,710 38,193,670 0.446 1.727 1.153 26.4 
2013 31,870,920 12,642,410 38,638,940 0.463 1.739 1.175 2.1 
 
The baseline projection used data from the OECD to project until 2050.  The CPI 
from the World Bank was also projected and used to deflate the prices.  The OECD 
forecast has been copied here as well as the projection from 2025-2050 which is 




Table A.2 Baseline Projection (OECD, World Bank) 











2000 79,661 88,991 0.90 13,125 54 31,983 
2001 83,419 93,427 0.89 13,425 56 31,550 
2002 84,760 97,278 0.87 13,935 59 31,371 
2003 86,660 98,246 0.88 14,218 61 30,835 
2004 91,059 96,408 0.94 14,918 63 31,177 
2005 95,619 99,459 0.96 15,075 66 30,222 
2006 100,266 99,472 1.01 16,009 70 30,238 
2007 107,933 106,094 1.02 16,970 74 30,132 
2008 111,420 106,260 1.05 18,090 81 29,645 
2009 115,868 109,149 1.06 20,677 89 30,560 
2010 121,847 110,386 1.10 25,763 100 34,001 
2011 123,400 114,900 1.07 28,211 109 34,201 
2012 124,850 116,050 1.08 30,862 119 34,229 
2013 130,218 118,194 1.10 32,405 132 32,405 
2014 136,599 120,385 1.13 34,998 136 33,849 
2015 138,527 120,966 1.15 33,516 147 30,154 
2016 143,916 122,008 1.18 39,925 158 33,414 
2017 148,972 124,558 1.20 41,269 170 32,129 
2018 154,848 127,423 1.22 43,980 182 31,850 
2019 160,692 129,965 1.24 47,546 196 32,031 
2020 166,455 132,311 1.26 50,975 211 31,945 
2021 172,301 134,473 1.28 55,471 226 32,337 
2022 178,571 137,007 1.30 59,668 243 32,356 
2023 184,884 139,670 1.32 63,088 262 31,824 
2024 190,897 142,014 1.34 66,638 281 31,270 
2025 194,534 142,855 1.36 71,808 302 31,345 
2026 198,170 143,675 1.38 77,091 325 31,303 
2027 201,807 144,474 1.40 82,763 349 31,262 
2028 205,444 145,254 1.41 88,853 376 31,220 
2029 209,081 146,014 1.43 95,390 404 31,179 
2030 212,718 146,756 1.45 102,409 434 31,137 
2031 216,355 147,480 1.47 109,944 467 31,096 
2032 219,991 148,187 1.48 118,033 502 31,055 
2033 223,628 148,878 1.50 126,718 539 31,014 
2034 227,265 149,552 1.52 136,041 580 30,973 
2035 230,902 150,212 1.54 146,051 623 30,931 
2036 234,539 150,856 1.55 156,797 670 30,890 
2037 238,175 151,486 1.57 168,333 720 30,849 
2038 241,812 152,102 1.59 180,719 774 30,809 
2039 245,449 152,704 1.61 194,015 832 30,768 
2040 249,086 153,294 1.62 208,291 895 30,727 
2041 252,723 153,871 1.64 223,616 962 30,686 
2042 256,360 154,436 1.66 240,069 1,034 30,645 




2044 263,633 155,530 1.70 276,696 1,195 30,564 
2045 267,270 156,061 1.71 297,054 1,284 30,524 
2046 270,907 156,580 1.73 318,911 1,381 30,483 
2047 274,544 157,090 1.75 342,375 1,484 30,443 
2048 278,181 157,589 1.77 367,566 1,596 30,402 
2049 281,817 158,078 1.78 394,610 1,715 30,362 






Calves Fitted DCB Fitted DCC Fitted DCI 
2000 0 62,583,000  29,159,000 5,798,000 27,626,000 
2001 0 62,254,000 28,717,213 29,371,000 6,011,000 26,872,000 
2002 0 64,494,000 28,608,359 30,386,000 6,478,000 27,630,000 
2003 0 65,526,000 29,366,579 30,886,000 6,251,000 28,389,000 
2004 1 65,135,000 34,616,307 30,998,000 6,554,000 27,583,000 
2005 1 68,206,000 34,365,825 32,179,000 7,304,000 28,723,000 
2006 1 69,759,000 36,576,851 33,173,000 8,216,000 28,370,000 
2007 1 71,216,500 37,236,508 33,855,000 8,859,500 28,502,000 
2008 1 72,674,000 37,803,073 34,537,000 9,503,000 28,634,000 
2009 1 75,901,550 38,546,902 35,379,580 10,680,240 29,841,730 
2010 1 77,626,810 40,275,489 36,166,390 11,261,810 30,198,610 
2011 1 79,886,020 41,997,470 37,131,050 11,807,350 30,947,620 
2012 1 82,369,900 42,831,225 38,193,670 12,294,710 31,881,520 
2013 1 83,152,270 43,907,789 38,638,940 12,642,410 31,870,920 
2014 1 85,159,904 43,875,177 39,419,858 13,886,297 31,853,749 
2015 1 85,675,352 45,132,937 39,626,072 14,103,902 31,945,378 
2016 1 86,605,694 44,800,321 39,996,222 14,500,158 32,109,314 
2017 1 88,913,625 45,774,322 40,903,222 15,502,244 32,508,159 
2018 1 91,559,532 46,759,610 41,923,748 16,683,583 32,952,202 
2019 1 93,956,510 48,077,656 42,830,954 17,782,680 33,342,876 
2020 1 96,211,111 49,338,836 43,669,678 18,840,670 33,700,763 
2021 1 98,325,397 50,479,758 44,443,691 19,853,400 34,028,306 
2022 1 100,848,799 51,628,716 45,352,060 21,087,287 34,409,453 
2023 1 103,555,508 52,927,756 46,308,320 22,440,183 34,807,005 
2024 1 105,985,826 54,221,978 47,151,476 23,679,866 35,154,484 
2025 1 106,868,828 55,362,297 47,454,286 24,135,947 35,278,595 
2026 1 107,735,031 55,808,222 47,749,537 24,586,228 35,399,266 
2027 1 108,584,896 56,223,627 48,037,508 25,030,750 35,516,638 
2028 1 109,418,870 56,630,298 48,318,465 25,469,559 35,630,847 
2029 1 110,237,384 57,028,487 48,592,659 25,902,706 35,742,020 
2030 1 111,040,853 57,418,437 48,860,332 26,330,245 35,850,276 
2031 1 111,829,678 57,800,384 49,121,713 26,752,233 35,955,732 
2032 1 112,604,245 58,174,552 49,377,020 27,168,732 36,058,493 
2033 1 113,364,928 58,541,160 49,626,462 27,579,802 36,158,664 
2034 1 114,112,089 58,900,417 49,870,240 27,985,508 36,256,341 
2035 1 114,846,076 59,252,528 50,108,542 28,385,917 36,351,617 




2037 1 116,275,868 59,936,083 50,569,442 29,171,112 36,535,315 
2038 1 116,972,314 60,267,900 50,792,380 29,556,035 36,623,899 
2039 1 117,656,871 60,593,313 51,010,525 29,935,935 36,710,411 
2040 1 118,329,832 60,912,492 51,224,030 30,310,882 36,794,921 
2041 1 118,991,485 61,225,603 51,433,041 30,680,946 36,877,499 
2042 1 119,642,106 61,532,805 51,637,698 31,046,198 36,958,210 
2043 1 120,281,963 61,834,250 51,838,135 31,406,709 37,037,119 
2044 1 120,911,315 62,130,090 52,034,482 31,762,549 37,114,284 
2045 1 121,530,413 62,420,466 52,226,861 32,113,789 37,189,763 
2046 1 122,139,502 62,705,519 52,415,393 32,460,497 37,263,612 
2047 1 122,738,817 62,985,384 52,600,191 32,802,743 37,335,882 
2048 1 123,328,586 63,260,190 52,781,365 33,140,597 37,406,624 
2049 1 123,909,033 63,530,065 52,959,020 33,474,127 37,475,886 
2050 1 124,480,372 63,795,131 53,133,257 33,803,399 37,543,715 
 
The differential form version of the model determined percent changes in these baseline 
values for each scenario.  The intermediate scenario is shown in the table below. 
Table A.3 Model for the Intermediate Scenario 
 Weighted Weighted 
Income 





Year Elast Inc Elast dlnInc dlnP dlnS dln Buffalo Cross Indigen 
2010 -0.5053 0.8450 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
2011 -0.5042 0.8432 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
2012 -0.5030 0.8413 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
2013 -0.5018 0.8394 0.0000 -0.0068 0.0034 0.0015 0.0017 0.0063 0.0005 
2014 -0.5006 0.8374 0.0000 -0.0087 0.0044 0.0021 0.0021 0.0092 -0.0006 
2015 -0.4993 0.8354 0.0000 -0.0108 0.0054 0.0026 0.0025 0.0116 -0.0007 
2016 -0.4980 0.8333 0.0000 -0.0124 0.0062 0.0029 0.0028 0.0136 -0.0009 
2017 -0.4967 0.8312 0.0000 -0.0142 0.0070 0.0032 0.0031 0.0157 -0.0010 
2018 -0.4954 0.8290 0.0000 -0.0199 0.0099 0.0043 0.0040 0.0219 -0.0008 
2019 -0.4940 0.8268 0.0000 -0.0234 0.0116 0.0051 0.0046 0.0258 -0.0014 
2020 -0.4925 0.8245 0.0000 -0.0396 0.0195 0.0093 0.0080 0.0323 0.0007 
2021 -0.4911 0.8222 0.0000 -0.0516 0.0254 0.0129 0.0108 0.0376 -0.0001 
2022 -0.4896 0.8198 0.0000 -0.0624 0.0306 0.0159 0.0132 0.0425 -0.0005 
2023 -0.4881 0.8173 0.0000 -0.0718 0.0351 0.0184 0.0153 0.0467 -0.0009 
2024 -0.4865 0.8148 0.0000 -0.0802 0.0390 0.0205 0.0170 0.0509 -0.0014 
2025 -0.4849 0.8122 0.0000 -0.0879 0.0426 0.0225 0.0186 0.0549 -0.0017 




2027 -0.4816 0.8069 0.0000 -0.1007 0.0485 0.0258 0.0211 0.0616 -0.0026 
2028 -0.4799 0.8042 0.0000 -0.1058 0.0508 0.0271 0.0222 0.0642 -0.0031 
2029 -0.4782 0.8014 0.0000 -0.1101 0.0527 0.0280 0.0231 0.0665 -0.0036 
2030 -0.4764 0.7985 0.0000 -0.1138 0.0542 0.0287 0.0239 0.0685 -0.0040 
2031 -0.4746 0.7956 0.0000 -0.1169 0.0555 0.0293 0.0246 0.0702 -0.0043 
2032 -0.4727 0.7926 0.0000 -0.1195 0.0565 0.0296 0.0252 0.0716 -0.0046 
2033 -0.4709 0.7896 0.0000 -0.1219 0.0574 0.0300 0.0257 0.0728 -0.0048 
2034 -0.4689 0.7865 0.0000 -0.1240 0.0582 0.0302 0.0261 0.0739 -0.0051 
2035 -0.4670 0.7834 0.0000 -0.1260 0.0589 0.0305 0.0265 0.0749 -0.0053 
2036 -0.4650 0.7802 0.0000 -0.1279 0.0595 0.0307 0.0268 0.0757 -0.0055 
2037 -0.4631 0.7771 0.0000 -0.1297 0.0601 0.0309 0.0271 0.0765 -0.0058 
2038 -0.4611 0.7739 0.0000 -0.1314 0.0606 0.0311 0.0273 0.0772 -0.0060 
2039 -0.4591 0.7707 0.0000 -0.1329 0.0610 0.0312 0.0276 0.0777 -0.0062 
2040 -0.4571 0.7676 0.0000 -0.1344 0.0614 0.0314 0.0277 0.0782 -0.0064 
2041 -0.4552 0.7644 0.0000 -0.1360 0.0619 0.0316 0.0279 0.0787 -0.0067 
2042 -0.4532 0.7612 0.0000 -0.1379 0.0625 0.0320 0.0280 0.0790 -0.0069 
2043 -0.4512 0.7580 0.0000 -0.1398 0.0631 0.0325 0.0282 0.0793 -0.0072 
2044 -0.4492 0.7548 0.0000 -0.1413 0.0635 0.0327 0.0283 0.0796 -0.0076 
2045 -0.4472 0.7516 0.0000 -0.1425 0.0637 0.0329 0.0283 0.0797 -0.0078 
2046 -0.4452 0.7483 0.0000 -0.1434 0.0639 0.0329 0.0284 0.0799 -0.0080 
2047 -0.4432 0.7451 0.0000 -0.1443 0.0639 0.0329 0.0285 0.0799 -0.0082 
2048 -0.4412 0.7419 0.0000 -0.1450 0.0640 0.0328 0.0285 0.0798 -0.0083 
2049 -0.4392 0.7387 0.0000 -0.1456 0.0639 0.0328 0.0285 0.0798 -0.0085 







Price  Cross to Price  
Year Buffalo Cross Indigen dlnH/dlnP Elast Pricet-i 
dlnH/dl
nP Elast Pricet-i 
2010 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
2011 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
2012 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
2013 0.0017 0.0063 0.0005 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
2014 0.0021 0.0092 0.0008 0.0000 0.0000 -0.0068 0.0000 0.0000 -0.0068 
2015 0.0025 0.0116 0.0010 0.0000 0.0000 -0.0087 0.0000 0.0000 -0.0087 
2016 0.0028 0.0136 0.0012 0.0000 0.0000 -0.0108 0.0000 0.0000 -0.0108 
2017 0.0031 0.0153 0.0014 0.0000 0.0000 -0.0124 0.0000 0.0000 -0.0124 
2018 0.0040 0.0211 0.0019 0.0000 0.0000 -0.0142 0.0000 0.0000 -0.0142 
2019 0.0045 0.0245 0.0025 0.0000 0.0000 -0.0199 0.0000 0.0000 -0.0199 
2020 0.0078 0.0303 0.0052 0.0000 0.0000 -0.0234 0.0000 0.0000 -0.0234 




2022 0.0129 0.0394 0.0095 0.0000 0.0000 -0.0516 0.0000 0.0000 -0.0516 
2023 0.0148 0.0429 0.0111 0.0000 0.0000 -0.0624 0.0000 0.0000 -0.0624 
2024 0.0165 0.0458 0.0125 0.0000 0.0000 -0.0718 0.0000 0.0000 -0.0718 
2025 0.0179 0.0484 0.0139 0.0000 0.0000 -0.0802 0.0000 0.0000 -0.0802 
2026 0.0190 0.0505 0.0150 0.0000 0.0000 -0.0879 0.0000 0.0000 -0.0879 
2027 0.0200 0.0522 0.0157 0.0000 0.0000 -0.0948 0.0000 0.0000 -0.0948 
2028 0.0208 0.0536 0.0163 0.0000 0.0000 -0.1007 0.0000 0.0000 -0.1007 
2029 0.0214 0.0548 0.0169 0.0000 0.0000 -0.1058 0.0000 0.0000 -0.1058 
2030 0.0220 0.0558 0.0173 0.0000 0.0000 -0.1101 0.0000 0.0000 -0.1101 
2031 0.0225 0.0567 0.0177 0.0000 0.0000 -0.1138 0.0000 0.0000 -0.1138 
2032 0.0229 0.0574 0.0180 0.0000 0.0000 -0.1169 0.0000 0.0000 -0.1169 
2033 0.0232 0.0580 0.0183 0.0000 0.0000 -0.1195 0.0000 0.0000 -0.1195 
2034 0.0235 0.0585 0.0185 0.0000 0.0000 -0.1219 0.0000 0.0000 -0.1219 
2035 0.0237 0.0589 0.0187 0.0000 0.0000 -0.1240 0.0000 0.0000 -0.1240 
2036 0.0239 0.0592 0.0189 0.0000 0.0000 -0.1260 0.0000 0.0000 -0.1260 
2037 0.0241 0.0595 0.0190 0.0000 0.0000 -0.1279 0.0000 0.0000 -0.1279 
2038 0.0242 0.0598 0.0191 0.0000 0.0000 -0.1297 0.0000 0.0000 -0.1297 
2039 0.0243 0.0600 0.0192 0.0000 0.0000 -0.1314 0.0000 0.0000 -0.1314 
2040 0.0244 0.0602 0.0193 0.0000 0.0000 -0.1329 0.0000 0.0000 -0.1329 
2041 0.0245 0.0603 0.0193 0.0000 0.0000 -0.1344 0.0000 0.0000 -0.1344 
2042 0.0246 0.0604 0.0194 0.0000 0.0000 -0.1360 0.0000 0.0000 -0.1360 
2043 0.0246 0.0605 0.0194 0.0000 0.0000 -0.1379 0.0000 0.0000 -0.1379 
2044 0.0247 0.0606 0.0195 0.0000 0.0000 -0.1398 0.0000 0.0000 -0.1398 
2045 0.0247 0.0607 0.0195 0.0000 0.0000 -0.1413 0.0000 0.0000 -0.1413 
2046 0.0248 0.0608 0.0195 0.0000 0.0000 -0.1425 0.0000 0.0000 -0.1425 
2047 0.0248 0.0608 0.0196 0.0000 0.0000 -0.1434 0.0000 0.0000 -0.1434 
2048 0.0248 0.0608 0.0196 0.0000 0.0000 -0.1443 0.0000 0.0000 -0.1443 
2049 0.0248 0.0609 0.0196 0.0000 0.0000 -0.1450 0.0000 0.0000 -0.1450 









Year dlnH/dlnP Elast Pricet-i 
dlnH/dl
nC Elast Calft-i 
dlnH/dl
nC Elast calft-i 
2010 0.0000 0.1935 0.0000 0.0000 0.2884 0.0000 0.0000 1.4940 0.0000 
2011 0.0000 0.1935 0.0000 0.0000 0.2884 0.0000 0.0000 1.4940 0.0000 
2012 0.0000 0.1935 0.0000 0.0000 0.2884 0.0000 0.0000 1.4940 0.0000 
2013 0.0000 0.1935 0.0000 0.0000 0.2884 0.0000 0.0000 1.4940 0.0000 
2014 -0.0013 0.1935 -0.0068 0.0000 0.2884 0.0000 0.0000 1.4940 0.0000 
2015 -0.0017 0.1935 -0.0087 0.0000 0.2884 0.0000 0.0000 1.4940 0.0000 
2016 -0.0021 0.1935 -0.0108 0.0000 0.2884 0.0000 0.0000 1.4940 0.0000 




2018 -0.0027 0.1935 -0.0142 0.0000 0.2884 0.0002 0.0008 1.4940 0.0006 
2019 -0.0039 0.1935 -0.0199 0.0001 0.2884 0.0003 0.0014 1.4940 0.0009 
2020 -0.0045 0.1935 -0.0234 0.0002 0.2884 0.0005 0.0020 1.4940 0.0013 
2021 -0.0077 0.1935 -0.0396 0.0002 0.2884 0.0008 0.0024 1.4940 0.0016 
2022 -0.0100 0.1935 -0.0516 0.0003 0.2884 0.0011 0.0031 1.4940 0.0020 
2023 -0.0121 0.1935 -0.0624 0.0004 0.2884 0.0015 0.0038 1.4940 0.0026 
2024 -0.0139 0.1935 -0.0718 0.0006 0.2884 0.0020 0.0051 1.4940 0.0034 
2025 -0.0155 0.1935 -0.0802 0.0007 0.2884 0.0026 0.0066 1.4940 0.0044 
2026 -0.0170 0.1935 -0.0879 0.0009 0.2884 0.0032 0.0079 1.4940 0.0053 
2027 -0.0183 0.1935 -0.0948 0.0012 0.2884 0.0040 0.0094 1.4940 0.0063 
2028 -0.0195 0.1935 -0.1007 0.0014 0.2884 0.0048 0.0106 1.4940 0.0071 
2029 -0.0205 0.1935 -0.1058 0.0016 0.2884 0.0057 0.0117 1.4940 0.0078 
2030 -0.0213 0.1935 -0.1101 0.0019 0.2884 0.0065 0.0127 1.4940 0.0085 
2031 -0.0220 0.1935 -0.1138 0.0021 0.2884 0.0074 0.0136 1.4940 0.0091 
2032 -0.0226 0.1935 -0.1169 0.0023 0.2884 0.0080 0.0143 1.4940 0.0095 
2033 -0.0231 0.1935 -0.1195 0.0025 0.2884 0.0087 0.0149 1.4940 0.0100 
2034 -0.0236 0.1935 -0.1219 0.0027 0.2884 0.0092 0.0154 1.4940 0.0103 
2035 -0.0240 0.1935 -0.1240 0.0028 0.2884 0.0097 0.0160 1.4940 0.0107 
2036 -0.0244 0.1935 -0.1260 0.0029 0.2884 0.0101 0.0165 1.4940 0.0110 
2037 -0.0248 0.1935 -0.1279 0.0030 0.2884 0.0105 0.0170 1.4940 0.0114 
2038 -0.0251 0.1935 -0.1297 0.0031 0.2884 0.0108 0.0174 1.4940 0.0116 
2039 -0.0254 0.1935 -0.1314 0.0032 0.2884 0.0112 0.0178 1.4940 0.0119 
2040 -0.0257 0.1935 -0.1329 0.0033 0.2884 0.0115 0.0181 1.4940 0.0121 
2041 -0.0260 0.1935 -0.1344 0.0034 0.2884 0.0117 0.0184 1.4940 0.0123 
2042 -0.0263 0.1935 -0.1360 0.0034 0.2884 0.0120 0.0186 1.4940 0.0124 
2043 -0.0267 0.1935 -0.1379 0.0035 0.2884 0.0122 0.0188 1.4940 0.0126 
2044 -0.0270 0.1935 -0.1398 0.0036 0.2884 0.0123 0.0189 1.4940 0.0127 
2045 -0.0273 0.1935 -0.1413 0.0036 0.2884 0.0125 0.0190 1.4940 0.0127 
2046 -0.0276 0.1935 -0.1425 0.0036 0.2884 0.0126 0.0191 1.4940 0.0128 
2047 -0.0278 0.1935 -0.1434 0.0037 0.2884 0.0127 0.0191 1.4940 0.0128 
2048 -0.0279 0.1935 -0.1443 0.0037 0.2884 0.0127 0.0190 1.4940 0.0127 
2049 -0.0281 0.1935 -0.1450 0.0037 0.2884 0.0127 0.0189 1.4940 0.0127 
2050 -0.0282 0.1935 -0.1456 0.0037 0.2884 0.0127 0.0188 1.4940 0.0126 
 
 Indigen to calves  Calf crop     
Year dlnH/dlnC Elast calft-i dlnC Elast Pt-1 Elast Herdt-1 
2010 0.0000 0.1103 0.0000 0.0000 0.1263 0.0000 1.0000 0.0000 
2011 0.0000 0.1103 0.0000 0.0000 0.1263 0.0000 1.0000 0.0000 
2012 0.0000 0.1103 0.0000 0.0000 0.1263 0.0000 1.0000 0.0000 
2013 0.0000 0.1103 0.0000 0.0000 0.1263 0.0000 1.0000 0.0000 




2015 0.0000 0.1103 0.0000 0.0012 0.1263 -0.0087 1.0000 0.0023 
2016 0.0000 0.1103 0.0000 0.0015 0.1263 -0.0108 1.0000 0.0028 
2017 0.0000 0.1103 0.0000 0.0017 0.1263 -0.0124 1.0000 0.0033 
2018 0.0000 0.1103 0.0002 0.0020 0.1263 -0.0142 1.0000 0.0038 
2019 0.0000 0.1103 0.0003 0.0030 0.1263 -0.0199 1.0000 0.0056 
2020 0.0001 0.1103 0.0005 0.0035 0.1263 -0.0234 1.0000 0.0065 
2021 0.0001 0.1103 0.0008 0.0052 0.1263 -0.0396 1.0000 0.0102 
2022 0.0001 0.1103 0.0011 0.0059 0.1263 -0.0516 1.0000 0.0124 
2023 0.0002 0.1103 0.0015 0.0067 0.1263 -0.0624 1.0000 0.0147 
2024 0.0002 0.1103 0.0020 0.0075 0.1263 -0.0718 1.0000 0.0166 
2025 0.0003 0.1103 0.0026 0.0082 0.1263 -0.0802 1.0000 0.0185 
2026 0.0004 0.1103 0.0032 0.0089 0.1263 -0.0879 1.0000 0.0201 
2027 0.0004 0.1103 0.0040 0.0094 0.1263 -0.0948 1.0000 0.0215 
2028 0.0005 0.1103 0.0048 0.0098 0.1263 -0.1007 1.0000 0.0227 
2029 0.0006 0.1103 0.0057 0.0101 0.1263 -0.1058 1.0000 0.0237 
2030 0.0007 0.1103 0.0065 0.0105 0.1263 -0.1101 1.0000 0.0246 
2031 0.0008 0.1103 0.0074 0.0109 0.1263 -0.1138 1.0000 0.0255 
2032 0.0009 0.1103 0.0080 0.0112 0.1263 -0.1169 1.0000 0.0262 
2033 0.0010 0.1103 0.0087 0.0115 0.1263 -0.1195 1.0000 0.0269 
2034 0.0010 0.1103 0.0092 0.0118 0.1263 -0.1219 1.0000 0.0274 
2035 0.0011 0.1103 0.0097 0.0120 0.1263 -0.1240 1.0000 0.0279 
2036 0.0011 0.1103 0.0101 0.0122 0.1263 -0.1260 1.0000 0.0284 
2037 0.0012 0.1103 0.0105 0.0124 0.1263 -0.1279 1.0000 0.0288 
2038 0.0012 0.1103 0.0108 0.0125 0.1263 -0.1297 1.0000 0.0292 
2039 0.0012 0.1103 0.0112 0.0126 0.1263 -0.1314 1.0000 0.0295 
2040 0.0013 0.1103 0.0115 0.0127 0.1263 -0.1329 1.0000 0.0298 
2041 0.0013 0.1103 0.0117 0.0128 0.1263 -0.1344 1.0000 0.0300 
2042 0.0013 0.1103 0.0120 0.0128 0.1263 -0.1360 1.0000 0.0303 
2043 0.0013 0.1103 0.0122 0.0128 0.1263 -0.1379 1.0000 0.0305 
2044 0.0014 0.1103 0.0123 0.0127 0.1263 -0.1398 1.0000 0.0306 
2045 0.0014 0.1103 0.0125 0.0126 0.1263 -0.1413 1.0000 0.0307 
2046 0.0014 0.1103 0.0126 0.0126 0.1263 -0.1425 1.0000 0.0308 
2047 0.0014 0.1103 0.0127 0.0126 0.1263 -0.1434 1.0000 0.0310 
2048 0.0014 0.1103 0.0127 0.0125 0.1263 -0.1443 1.0000 0.0311 
2049 0.0014 0.1103 0.0127 0.0125 0.1263 -0.1450 1.0000 0.0311 
2050 0.0014 0.1103 0.0127 0.0125 0.1263 -0.1456 1.0000 0.0312 
 




Table A.4 Model for the Conservative Scenario 
 Weighted Weighted 
Income 




Year Elast Inc Elast dlnInc dlnP dlnS dln Buffalo Cross Indigen 
2010 -0.5053 0.8450 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
2011 -0.5042 0.8432 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
2012 -0.5030 0.8413 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
2013 -0.5018 0.8394 0.0000 -0.0068 0.0034 0.0015 0.0017 0.0063 0.0005 
2014 -0.5006 0.8374 0.0000 -0.0087 0.0044 0.0021 0.0021 0.0092 -0.0006 
2015 -0.4993 0.8354 0.0000 -0.0108 0.0054 0.0026 0.0025 0.0116 -0.0007 
2016 -0.4980 0.8333 0.0000 -0.0124 0.0062 0.0029 0.0028 0.0136 -0.0009 
2017 -0.4967 0.8312 0.0000 -0.0142 0.0070 0.0032 0.0031 0.0157 -0.0010 
2018 -0.4954 0.8290 0.0000 -0.0199 0.0099 0.0043 0.0040 0.0219 -0.0008 
2019 -0.4940 0.8268 0.0000 -0.0234 0.0116 0.0051 0.0046 0.0258 -0.0014 
2020 -0.4925 0.8245 0.0000 -0.0241 0.0119 0.0052 0.0047 0.0266 -0.0019 
2021 -0.4911 0.8222 0.0000 -0.0250 0.0123 0.0053 0.0048 0.0270 -0.0019 
2022 -0.4896 0.8198 0.0000 -0.0261 0.0128 0.0054 0.0049 0.0278 -0.0019 
2023 -0.4881 0.8173 0.0000 -0.0272 0.0133 0.0055 0.0050 0.0287 -0.0020 
2024 -0.4865 0.8148 0.0000 -0.0282 0.0137 0.0055 0.0052 0.0294 -0.0021 
2025 -0.4849 0.8122 0.0000 -0.0295 0.0143 0.0058 0.0053 0.0303 -0.0021 
2026 -0.4833 0.8096 0.0000 -0.0466 0.0225 0.0101 0.0087 0.0366 0.0005 
2027 -0.4816 0.8069 0.0000 -0.0588 0.0283 0.0138 0.0116 0.0417 -0.0007 
2028 -0.4799 0.8042 0.0000 -0.0696 0.0334 0.0169 0.0140 0.0461 -0.0012 
2029 -0.4782 0.8014 0.0000 -0.0787 0.0376 0.0194 0.0160 0.0499 -0.0018 
2030 -0.4764 0.7985 0.0000 -0.0867 0.0413 0.0215 0.0177 0.0536 -0.0023 
2031 -0.4746 0.7956 0.0000 -0.0936 0.0444 0.0232 0.0192 0.0570 -0.0027 
2032 -0.4727 0.7926 0.0000 -0.0996 0.0471 0.0246 0.0205 0.0602 -0.0032 
2033 -0.4709 0.7896 0.0000 -0.1049 0.0494 0.0257 0.0216 0.0631 -0.0036 
2034 -0.4689 0.7865 0.0000 -0.1094 0.0513 0.0267 0.0225 0.0654 -0.0040 
2035 -0.4670 0.7834 0.0000 -0.1135 0.0530 0.0275 0.0234 0.0674 -0.0043 
2036 -0.4650 0.7802 0.0000 -0.1172 0.0545 0.0282 0.0241 0.0692 -0.0046 
2037 -0.4631 0.7771 0.0000 -0.1205 0.0558 0.0288 0.0248 0.0708 -0.0050 
2038 -0.4611 0.7739 0.0000 -0.1235 0.0569 0.0293 0.0254 0.0722 -0.0053 
2039 -0.4591 0.7707 0.0000 -0.1261 0.0579 0.0297 0.0259 0.0735 -0.0056 
2040 -0.4571 0.7676 0.0000 -0.1286 0.0588 0.0301 0.0263 0.0745 -0.0059 
2041 -0.4552 0.7644 0.0000 -0.1310 0.0596 0.0306 0.0266 0.0755 -0.0062 
2042 -0.4532 0.7612 0.0000 -0.1336 0.0605 0.0311 0.0269 0.0762 -0.0065 
2043 -0.4512 0.7580 0.0000 -0.1361 0.0614 0.0317 0.0272 0.0769 -0.0069 
2044 -0.4492 0.7548 0.0000 -0.1381 0.0620 0.0321 0.0275 0.0775 -0.0072 
2045 -0.4472 0.7516 0.0000 -0.1397 0.0625 0.0323 0.0276 0.0780 -0.0075 
2046 -0.4452 0.7483 0.0000 -0.1411 0.0628 0.0324 0.0278 0.0783 -0.0078 
2047 -0.4432 0.7451 0.0000 -0.1423 0.0631 0.0325 0.0279 0.0786 -0.0080 
2048 -0.4412 0.7419 0.0000 -0.1433 0.0632 0.0325 0.0281 0.0787 -0.0081 
2049 -0.4392 0.7387 0.0000 -0.1441 0.0633 0.0325 0.0281 0.0788 -0.0083 










Price  Cross to Price  
Year Buffalo Cross Indigen dlnH/dlnP Elast Pricet-i 
dlnH/dl
nP Elast Pricet-i 
2010 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
2011 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
2012 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
2013 0.0017 0.0063 0.0005 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
2014 0.0021 0.0092 0.0008 0.0000 0.0000 -0.0068 0.0000 0.0000 -0.0068 
2015 0.0025 0.0116 0.0010 0.0000 0.0000 -0.0087 0.0000 0.0000 -0.0087 
2016 0.0028 0.0136 0.0012 0.0000 0.0000 -0.0108 0.0000 0.0000 -0.0108 
2017 0.0031 0.0153 0.0014 0.0000 0.0000 -0.0124 0.0000 0.0000 -0.0124 
2018 0.0040 0.0211 0.0019 0.0000 0.0000 -0.0142 0.0000 0.0000 -0.0142 
2019 0.0045 0.0245 0.0025 0.0000 0.0000 -0.0199 0.0000 0.0000 -0.0199 
2020 0.0045 0.0246 0.0027 0.0000 0.0000 -0.0234 0.0000 0.0000 -0.0234 
2021 0.0046 0.0247 0.0028 0.0000 0.0000 -0.0241 0.0000 0.0000 -0.0241 
2022 0.0046 0.0248 0.0029 0.0000 0.0000 -0.0250 0.0000 0.0000 -0.0250 
2023 0.0046 0.0248 0.0030 0.0000 0.0000 -0.0261 0.0000 0.0000 -0.0261 
2024 0.0046 0.0249 0.0031 0.0000 0.0000 -0.0272 0.0000 0.0000 -0.0272 
2025 0.0046 0.0251 0.0034 0.0000 0.0000 -0.0282 0.0000 0.0000 -0.0282 
2026 0.0079 0.0310 0.0062 0.0000 0.0000 -0.0295 0.0000 0.0000 -0.0295 
2027 0.0107 0.0358 0.0084 0.0000 0.0000 -0.0466 0.0000 0.0000 -0.0466 
2028 0.0130 0.0399 0.0102 0.0000 0.0000 -0.0588 0.0000 0.0000 -0.0588 
2029 0.0149 0.0433 0.0117 0.0000 0.0000 -0.0696 0.0000 0.0000 -0.0696 
2030 0.0165 0.0461 0.0130 0.0000 0.0000 -0.0787 0.0000 0.0000 -0.0787 
2031 0.0179 0.0485 0.0141 0.0000 0.0000 -0.0867 0.0000 0.0000 -0.0867 
2032 0.0190 0.0505 0.0150 0.0000 0.0000 -0.0936 0.0000 0.0000 -0.0936 
2033 0.0200 0.0522 0.0157 0.0000 0.0000 -0.0996 0.0000 0.0000 -0.0996 
2034 0.0208 0.0536 0.0163 0.0000 0.0000 -0.1049 0.0000 0.0000 -0.1049 
2035 0.0214 0.0548 0.0169 0.0000 0.0000 -0.1094 0.0000 0.0000 -0.1094 
2036 0.0220 0.0558 0.0173 0.0000 0.0000 -0.1135 0.0000 0.0000 -0.1135 
2037 0.0225 0.0567 0.0177 0.0000 0.0000 -0.1172 0.0000 0.0000 -0.1172 
2038 0.0229 0.0574 0.0180 0.0000 0.0000 -0.1205 0.0000 0.0000 -0.1205 
2039 0.0232 0.0580 0.0183 0.0000 0.0000 -0.1235 0.0000 0.0000 -0.1235 
2040 0.0235 0.0585 0.0185 0.0000 0.0000 -0.1261 0.0000 0.0000 -0.1261 
2041 0.0237 0.0589 0.0187 0.0000 0.0000 -0.1286 0.0000 0.0000 -0.1286 
2042 0.0239 0.0592 0.0189 0.0000 0.0000 -0.1310 0.0000 0.0000 -0.1310 
2043 0.0241 0.0595 0.0190 0.0000 0.0000 -0.1336 0.0000 0.0000 -0.1336 
2044 0.0242 0.0598 0.0191 0.0000 0.0000 -0.1361 0.0000 0.0000 -0.1361 
2045 0.0243 0.0600 0.0192 0.0000 0.0000 -0.1381 0.0000 0.0000 -0.1381 
2046 0.0244 0.0602 0.0193 0.0000 0.0000 -0.1397 0.0000 0.0000 -0.1397 




2048 0.0246 0.0604 0.0194 0.0000 0.0000 -0.1423 0.0000 0.0000 -0.1423 
2049 0.0246 0.0605 0.0194 0.0000 0.0000 -0.1433 0.0000 0.0000 -0.1433 









Year dlnH/dlnP Elast Pricet-i 
dlnH/dl
nC Elast Calft-i 
dlnH/dl
nC Elast calft-i 
2010 0.0000 0.1935 0.0000 0.0000 0.2884 0.0000 0.0000 1.4940 0.0000 
2011 0.0000 0.1935 0.0000 0.0000 0.2884 0.0000 0.0000 1.4940 0.0000 
2012 0.0000 0.1935 0.0000 0.0000 0.2884 0.0000 0.0000 1.4940 0.0000 
2013 0.0000 0.1935 0.0000 0.0000 0.2884 0.0000 0.0000 1.4940 0.0000 
2014 -0.0013 0.1935 -0.0068 0.0000 0.2884 0.0000 0.0000 1.4940 0.0000 
2015 -0.0017 0.1935 -0.0087 0.0000 0.2884 0.0000 0.0000 1.4940 0.0000 
2016 -0.0021 0.1935 -0.0108 0.0000 0.2884 0.0000 0.0000 1.4940 0.0000 
2017 -0.0024 0.1935 -0.0124 0.0000 0.2884 0.0000 0.0004 1.4940 0.0003 
2018 -0.0027 0.1935 -0.0142 0.0000 0.2884 0.0002 0.0008 1.4940 0.0006 
2019 -0.0039 0.1935 -0.0199 0.0001 0.2884 0.0003 0.0014 1.4940 0.0009 
2020 -0.0045 0.1935 -0.0234 0.0002 0.2884 0.0005 0.0020 1.4940 0.0013 
2021 -0.0047 0.1935 -0.0241 0.0002 0.2884 0.0008 0.0024 1.4940 0.0016 
2022 -0.0048 0.1935 -0.0250 0.0003 0.2884 0.0011 0.0031 1.4940 0.0020 
2023 -0.0050 0.1935 -0.0261 0.0004 0.2884 0.0015 0.0038 1.4940 0.0026 
2024 -0.0053 0.1935 -0.0272 0.0006 0.2884 0.0020 0.0046 1.4940 0.0030 
2025 -0.0055 0.1935 -0.0282 0.0007 0.2884 0.0024 0.0052 1.4940 0.0035 
2026 -0.0057 0.1935 -0.0295 0.0008 0.2884 0.0027 0.0056 1.4940 0.0038 
2027 -0.0090 0.1935 -0.0466 0.0009 0.2884 0.0031 0.0059 1.4940 0.0040 
2028 -0.0114 0.1935 -0.0588 0.0010 0.2884 0.0035 0.0063 1.4940 0.0042 
2029 -0.0135 0.1935 -0.0696 0.0011 0.2884 0.0039 0.0066 1.4940 0.0044 
2030 -0.0152 0.1935 -0.0787 0.0012 0.2884 0.0041 0.0075 1.4940 0.0050 
2031 -0.0168 0.1935 -0.0867 0.0013 0.2884 0.0045 0.0085 1.4940 0.0057 
2032 -0.0181 0.1935 -0.0936 0.0014 0.2884 0.0050 0.0097 1.4940 0.0065 
2033 -0.0193 0.1935 -0.0996 0.0016 0.2884 0.0056 0.0109 1.4940 0.0073 
2034 -0.0203 0.1935 -0.1049 0.0018 0.2884 0.0061 0.0118 1.4940 0.0079 
2035 -0.0212 0.1935 -0.1094 0.0020 0.2884 0.0068 0.0126 1.4940 0.0084 
2036 -0.0220 0.1935 -0.1135 0.0021 0.2884 0.0074 0.0134 1.4940 0.0090 
2037 -0.0227 0.1935 -0.1172 0.0023 0.2884 0.0081 0.0142 1.4940 0.0095 
2038 -0.0233 0.1935 -0.1205 0.0025 0.2884 0.0087 0.0149 1.4940 0.0100 
2039 -0.0239 0.1935 -0.1235 0.0027 0.2884 0.0092 0.0155 1.4940 0.0104 
2040 -0.0244 0.1935 -0.1261 0.0028 0.2884 0.0097 0.0161 1.4940 0.0108 
2041 -0.0249 0.1935 -0.1286 0.0029 0.2884 0.0101 0.0166 1.4940 0.0111 
2042 -0.0253 0.1935 -0.1310 0.0030 0.2884 0.0105 0.0170 1.4940 0.0114 




2044 -0.0263 0.1935 -0.1361 0.0032 0.2884 0.0112 0.0177 1.4940 0.0119 
2045 -0.0267 0.1935 -0.1381 0.0033 0.2884 0.0115 0.0180 1.4940 0.0120 
2046 -0.0270 0.1935 -0.1397 0.0034 0.2884 0.0117 0.0182 1.4940 0.0122 
2047 -0.0273 0.1935 -0.1411 0.0034 0.2884 0.0119 0.0183 1.4940 0.0122 
2048 -0.0275 0.1935 -0.1423 0.0035 0.2884 0.0120 0.0183 1.4940 0.0122 
2049 -0.0277 0.1935 -0.1433 0.0035 0.2884 0.0121 0.0183 1.4940 0.0122 
2050 -0.0279 0.1935 -0.1441 0.0035 0.2884 0.0122 0.0183 1.4940 0.0122 
 
 Indigen to calves  Calf crop     
Year dlnH/dlnC Elast calft-i dlnC Elast Pt-1 Elast Herdt-1 
2010 0.0000 0.1103 0.0000 0.0000 0.1263 0.0000 1.0000 0.0000 
2011 0.0000 0.1103 0.0000 0.0000 0.1263 0.0000 1.0000 0.0000 
2012 0.0000 0.1103 0.0000 0.0000 0.1263 0.0000 1.0000 0.0000 
2013 0.0000 0.1103 0.0000 0.0000 0.1263 0.0000 1.0000 0.0000 
2014 0.0000 0.1103 0.0000 0.0011 0.1263 -0.0068 1.0000 0.0019 
2015 0.0000 0.1103 0.0000 0.0012 0.1263 -0.0087 1.0000 0.0023 
2016 0.0000 0.1103 0.0000 0.0015 0.1263 -0.0108 1.0000 0.0028 
2017 0.0000 0.1103 0.0000 0.0017 0.1263 -0.0124 1.0000 0.0033 
2018 0.0000 0.1103 0.0002 0.0020 0.1263 -0.0142 1.0000 0.0038 
2019 0.0000 0.1103 0.0003 0.0030 0.1263 -0.0199 1.0000 0.0056 
2020 0.0001 0.1103 0.0005 0.0035 0.1263 -0.0234 1.0000 0.0065 
2021 0.0001 0.1103 0.0008 0.0036 0.1263 -0.0241 1.0000 0.0067 
2022 0.0001 0.1103 0.0011 0.0038 0.1263 -0.0250 1.0000 0.0070 
2023 0.0002 0.1103 0.0015 0.0041 0.1263 -0.0261 1.0000 0.0074 
2024 0.0002 0.1103 0.0020 0.0043 0.1263 -0.0272 1.0000 0.0078 
2025 0.0003 0.1103 0.0024 0.0046 0.1263 -0.0282 1.0000 0.0082 
2026 0.0003 0.1103 0.0027 0.0048 0.1263 -0.0295 1.0000 0.0085 
2027 0.0003 0.1103 0.0031 0.0064 0.1263 -0.0466 1.0000 0.0124 
2028 0.0004 0.1103 0.0035 0.0070 0.1263 -0.0588 1.0000 0.0145 
2029 0.0004 0.1103 0.0039 0.0076 0.1263 -0.0696 1.0000 0.0165 
2030 0.0005 0.1103 0.0041 0.0082 0.1263 -0.0787 1.0000 0.0182 
2031 0.0005 0.1103 0.0045 0.0087 0.1263 -0.0867 1.0000 0.0198 
2032 0.0006 0.1103 0.0050 0.0092 0.1263 -0.0936 1.0000 0.0212 
2033 0.0006 0.1103 0.0056 0.0097 0.1263 -0.0996 1.0000 0.0225 
2034 0.0007 0.1103 0.0061 0.0102 0.1263 -0.1049 1.0000 0.0237 
2035 0.0007 0.1103 0.0068 0.0106 0.1263 -0.1094 1.0000 0.0246 
2036 0.0008 0.1103 0.0074 0.0110 0.1263 -0.1135 1.0000 0.0255 
2037 0.0009 0.1103 0.0081 0.0113 0.1263 -0.1172 1.0000 0.0263 
2038 0.0010 0.1103 0.0087 0.0115 0.1263 -0.1205 1.0000 0.0270 
2039 0.0010 0.1103 0.0092 0.0118 0.1263 -0.1235 1.0000 0.0276 




2041 0.0011 0.1103 0.0101 0.0121 0.1263 -0.1286 1.0000 0.0286 
2042 0.0012 0.1103 0.0105 0.0122 0.1263 -0.1310 1.0000 0.0291 
2043 0.0012 0.1103 0.0109 0.0123 0.1263 -0.1336 1.0000 0.0294 
2044 0.0012 0.1103 0.0112 0.0122 0.1263 -0.1361 1.0000 0.0297 
2045 0.0013 0.1103 0.0115 0.0122 0.1263 -0.1381 1.0000 0.0299 
2046 0.0013 0.1103 0.0117 0.0122 0.1263 -0.1397 1.0000 0.0302 
2047 0.0013 0.1103 0.0119 0.0123 0.1263 -0.1411 1.0000 0.0304 
2048 0.0013 0.1103 0.0120 0.0123 0.1263 -0.1423 1.0000 0.0306 
2049 0.0013 0.1103 0.0121 0.0123 0.1263 -0.1433 1.0000 0.0307 
2050 0.0013 0.1103 0.0122 0.0123 0.1263 -0.1441 1.0000 0.0308 
 
The accelerated scenario is shown in the table below. 
Table A.5 Model for the Accelerated Scenario 
 Weighted Weighted 
Income 




Year Elast Inc Elast dlnInc dlnP dlnS dln Buffalo Cross Indigen 
2010 -0.5053 0.8450 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
2011 -0.5042 0.8432 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
2012 -0.5030 0.8413 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
2013 -0.5018 0.8394 0.0000 -0.0068 0.0034 0.0015 0.0017 0.0063 0.0005 
2014 -0.5006 0.8374 0.0000 -0.0087 0.0044 0.0021 0.0021 0.0092 -0.0006 
2015 -0.4993 0.8354 0.0000 -0.0108 0.0054 0.0026 0.0025 0.0116 -0.0007 
2016 -0.4980 0.8333 0.0000 -0.0124 0.0062 0.0029 0.0028 0.0136 -0.0009 
2017 -0.4967 0.8312 0.0000 -0.0142 0.0070 0.0032 0.0031 0.0157 -0.0010 
2018 -0.4954 0.8290 0.0000 -0.0199 0.0099 0.0043 0.0040 0.0219 -0.0008 
2019 -0.4940 0.8268 0.0000 -0.0234 0.0116 0.0051 0.0046 0.0258 -0.0014 
2020 -0.4925 0.8245 0.0000 -0.0803 0.0395 0.0202 0.0165 0.0474 0.0075 
2021 -0.4911 0.8222 0.0000 -0.0976 0.0479 0.0266 0.0215 0.0566 0.0005 
2022 -0.4896 0.8198 0.0000 -0.1070 0.0524 0.0293 0.0237 0.0610 -0.0011 
2023 -0.4881 0.8173 0.0000 -0.1118 0.0546 0.0305 0.0247 0.0634 -0.0021 
2024 -0.4865 0.8148 0.0000 -0.1157 0.0563 0.0310 0.0252 0.0669 -0.0026 
2025 -0.4849 0.8122 0.0000 -0.1189 0.0577 0.0315 0.0257 0.0699 -0.0030 
2026 -0.4833 0.8096 0.0000 -0.1220 0.0590 0.0319 0.0261 0.0725 -0.0034 
2027 -0.4816 0.8069 0.0000 -0.1247 0.0600 0.0324 0.0265 0.0749 -0.0039 
2028 -0.4799 0.8042 0.0000 -0.1262 0.0606 0.0326 0.0268 0.0754 -0.0044 
2029 -0.4782 0.8014 0.0000 -0.1277 0.0610 0.0327 0.0272 0.0762 -0.0047 
2030 -0.4764 0.7985 0.0000 -0.1288 0.0614 0.0326 0.0275 0.0769 -0.0050 
2031 -0.4746 0.7956 0.0000 -0.1299 0.0616 0.0325 0.0278 0.0777 -0.0053 
2032 -0.4727 0.7926 0.0000 -0.1306 0.0618 0.0324 0.0279 0.0782 -0.0055 
2033 -0.4709 0.7896 0.0000 -0.1314 0.0619 0.0323 0.0281 0.0785 -0.0056 
2034 -0.4689 0.7865 0.0000 -0.1321 0.0620 0.0321 0.0282 0.0788 -0.0057 
2035 -0.4670 0.7834 0.0000 -0.1330 0.0621 0.0321 0.0283 0.0791 -0.0059 




2037 -0.4631 0.7771 0.0000 -0.1349 0.0625 0.0320 0.0284 0.0797 -0.0062 
2038 -0.4611 0.7739 0.0000 -0.1358 0.0626 0.0320 0.0285 0.0800 -0.0064 
2039 -0.4591 0.7707 0.0000 -0.1366 0.0627 0.0320 0.0285 0.0802 -0.0066 
2040 -0.4571 0.7676 0.0000 -0.1376 0.0629 0.0321 0.0286 0.0803 -0.0068 
2041 -0.4552 0.7644 0.0000 -0.1387 0.0631 0.0322 0.0286 0.0805 -0.0069 
2042 -0.4532 0.7612 0.0000 -0.1402 0.0636 0.0325 0.0287 0.0806 -0.0072 
2043 -0.4512 0.7580 0.0000 -0.1418 0.0640 0.0329 0.0287 0.0807 -0.0075 
2044 -0.4492 0.7548 0.0000 -0.1431 0.0643 0.0331 0.0287 0.0807 -0.0078 
2045 -0.4472 0.7516 0.0000 -0.1440 0.0644 0.0331 0.0287 0.0807 -0.0080 
2046 -0.4452 0.7483 0.0000 -0.1447 0.0644 0.0331 0.0287 0.0807 -0.0082 
2047 -0.4432 0.7451 0.0000 -0.1454 0.0644 0.0331 0.0287 0.0806 -0.0083 
2048 -0.4412 0.7419 0.0000 -0.1459 0.0644 0.0330 0.0287 0.0805 -0.0084 
2049 -0.4392 0.7387 0.0000 -0.1464 0.0643 0.0329 0.0287 0.0803 -0.0086 







Price  Cross to Price  
Year Buffalo Cross Indigen dlnH/dlnP Elast Pricet-i 
dlnH/dl
nP Elast Pricet-i 
2010 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
2011 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
2012 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
2013 0.0017 0.0063 0.0005 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
2014 0.0021 0.0092 0.0008 0.0000 0.0000 -0.0068 0.0000 0.0000 -0.0068 
2015 0.0025 0.0116 0.0010 0.0000 0.0000 -0.0087 0.0000 0.0000 -0.0087 
2016 0.0028 0.0136 0.0012 0.0000 0.0000 -0.0108 0.0000 0.0000 -0.0108 
2017 0.0031 0.0153 0.0014 0.0000 0.0000 -0.0124 0.0000 0.0000 -0.0124 
2018 0.0040 0.0211 0.0019 0.0000 0.0000 -0.0142 0.0000 0.0000 -0.0142 
2019 0.0045 0.0245 0.0025 0.0000 0.0000 -0.0199 0.0000 0.0000 -0.0199 
2020 0.0163 0.0454 0.0120 0.0000 0.0000 -0.0234 0.0000 0.0000 -0.0234 
2021 0.0213 0.0542 0.0161 0.0000 0.0000 -0.0803 0.0000 0.0000 -0.0803 
2022 0.0234 0.0580 0.0178 0.0000 0.0000 -0.0976 0.0000 0.0000 -0.0976 
2023 0.0242 0.0596 0.0186 0.0000 0.0000 -0.1070 0.0000 0.0000 -0.1070 
2024 0.0246 0.0603 0.0190 0.0000 0.0000 -0.1118 0.0000 0.0000 -0.1118 
2025 0.0248 0.0607 0.0194 0.0000 0.0000 -0.1157 0.0000 0.0000 -0.1157 
2026 0.0249 0.0610 0.0196 0.0000 0.0000 -0.1189 0.0000 0.0000 -0.1189 
2027 0.0249 0.0610 0.0197 0.0000 0.0000 -0.1220 0.0000 0.0000 -0.1220 
2028 0.0249 0.0611 0.0197 0.0000 0.0000 -0.1247 0.0000 0.0000 -0.1247 
2029 0.0250 0.0611 0.0197 0.0000 0.0000 -0.1262 0.0000 0.0000 -0.1262 
2030 0.0250 0.0611 0.0197 0.0000 0.0000 -0.1277 0.0000 0.0000 -0.1277 
2031 0.0250 0.0611 0.0197 0.0000 0.0000 -0.1288 0.0000 0.0000 -0.1288 
2032 0.0250 0.0611 0.0197 0.0000 0.0000 -0.1299 0.0000 0.0000 -0.1299 




2034 0.0250 0.0611 0.0197 0.0000 0.0000 -0.1314 0.0000 0.0000 -0.1314 
2035 0.0250 0.0611 0.0197 0.0000 0.0000 -0.1321 0.0000 0.0000 -0.1321 
2036 0.0250 0.0611 0.0197 0.0000 0.0000 -0.1330 0.0000 0.0000 -0.1330 
2037 0.0250 0.0611 0.0197 0.0000 0.0000 -0.1339 0.0000 0.0000 -0.1339 
2038 0.0250 0.0611 0.0197 0.0000 0.0000 -0.1349 0.0000 0.0000 -0.1349 
2039 0.0250 0.0611 0.0197 0.0000 0.0000 -0.1358 0.0000 0.0000 -0.1358 
2040 0.0250 0.0611 0.0197 0.0000 0.0000 -0.1366 0.0000 0.0000 -0.1366 
2041 0.0250 0.0611 0.0197 0.0000 0.0000 -0.1376 0.0000 0.0000 -0.1376 
2042 0.0250 0.0611 0.0197 0.0000 0.0000 -0.1387 0.0000 0.0000 -0.1387 
2043 0.0250 0.0611 0.0197 0.0000 0.0000 -0.1402 0.0000 0.0000 -0.1402 
2044 0.0250 0.0611 0.0197 0.0000 0.0000 -0.1418 0.0000 0.0000 -0.1418 
2045 0.0250 0.0611 0.0197 0.0000 0.0000 -0.1431 0.0000 0.0000 -0.1431 
2046 0.0250 0.0611 0.0197 0.0000 0.0000 -0.1440 0.0000 0.0000 -0.1440 
2047 0.0250 0.0611 0.0197 0.0000 0.0000 -0.1447 0.0000 0.0000 -0.1447 
2048 0.0250 0.0611 0.0197 0.0000 0.0000 -0.1454 0.0000 0.0000 -0.1454 
2049 0.0250 0.0611 0.0197 0.0000 0.0000 -0.1459 0.0000 0.0000 -0.1459 









Year dlnH/dlnP Elast Pricet-i 
dlnH/dl
nC Elast Calft-i 
dlnH/dl
nC Elast calft-i 
2010 0.0000 0.1935 0.0000 0.0000 0.2884 0.0000 0.0000 1.4940 0.0000 
2011 0.0000 0.1935 0.0000 0.0000 0.2884 0.0000 0.0000 1.4940 0.0000 
2012 0.0000 0.1935 0.0000 0.0000 0.2884 0.0000 0.0000 1.4940 0.0000 
2013 0.0000 0.1935 0.0000 0.0000 0.2884 0.0000 0.0000 1.4940 0.0000 
2014 -0.0013 0.1935 -0.0068 0.0000 0.2884 0.0000 0.0000 1.4940 0.0000 
2015 -0.0017 0.1935 -0.0087 0.0000 0.2884 0.0000 0.0000 1.4940 0.0000 
2016 -0.0021 0.1935 -0.0108 0.0000 0.2884 0.0000 0.0000 1.4940 0.0000 
2017 -0.0024 0.1935 -0.0124 0.0000 0.2884 0.0000 0.0004 1.4940 0.0003 
2018 -0.0027 0.1935 -0.0142 0.0000 0.2884 0.0002 0.0008 1.4940 0.0006 
2019 -0.0039 0.1935 -0.0199 0.0001 0.2884 0.0003 0.0014 1.4940 0.0009 
2020 -0.0045 0.1935 -0.0234 0.0002 0.2884 0.0005 0.0020 1.4940 0.0013 
2021 -0.0155 0.1935 -0.0803 0.0002 0.2884 0.0008 0.0024 1.4940 0.0016 
2022 -0.0189 0.1935 -0.0976 0.0003 0.2884 0.0011 0.0031 1.4940 0.0020 
2023 -0.0207 0.1935 -0.1070 0.0004 0.2884 0.0015 0.0038 1.4940 0.0026 
2024 -0.0216 0.1935 -0.1118 0.0006 0.2884 0.0020 0.0066 1.4940 0.0044 
2025 -0.0224 0.1935 -0.1157 0.0009 0.2884 0.0031 0.0091 1.4940 0.0061 
2026 -0.0230 0.1935 -0.1189 0.0012 0.2884 0.0042 0.0115 1.4940 0.0077 
2027 -0.0236 0.1935 -0.1220 0.0015 0.2884 0.0054 0.0138 1.4940 0.0092 
2028 -0.0241 0.1935 -0.1247 0.0019 0.2884 0.0065 0.0143 1.4940 0.0096 




2030 -0.0247 0.1935 -0.1277 0.0025 0.2884 0.0088 0.0159 1.4940 0.0106 
2031 -0.0249 0.1935 -0.1288 0.0029 0.2884 0.0100 0.0166 1.4940 0.0111 
2032 -0.0251 0.1935 -0.1299 0.0030 0.2884 0.0103 0.0171 1.4940 0.0114 
2033 -0.0253 0.1935 -0.1306 0.0031 0.2884 0.0107 0.0175 1.4940 0.0117 
2034 -0.0254 0.1935 -0.1314 0.0032 0.2884 0.0111 0.0178 1.4940 0.0119 
2035 -0.0256 0.1935 -0.1321 0.0033 0.2884 0.0115 0.0181 1.4940 0.0121 
2036 -0.0257 0.1935 -0.1330 0.0034 0.2884 0.0118 0.0184 1.4940 0.0123 
2037 -0.0259 0.1935 -0.1339 0.0035 0.2884 0.0120 0.0187 1.4940 0.0125 
2038 -0.0261 0.1935 -0.1349 0.0035 0.2884 0.0122 0.0189 1.4940 0.0127 
2039 -0.0263 0.1935 -0.1358 0.0036 0.2884 0.0124 0.0191 1.4940 0.0128 
2040 -0.0264 0.1935 -0.1366 0.0036 0.2884 0.0125 0.0193 1.4940 0.0129 
2041 -0.0266 0.1935 -0.1376 0.0037 0.2884 0.0127 0.0194 1.4940 0.0130 
2042 -0.0268 0.1935 -0.1387 0.0037 0.2884 0.0128 0.0195 1.4940 0.0131 
2043 -0.0271 0.1935 -0.1402 0.0037 0.2884 0.0129 0.0196 1.4940 0.0131 
2044 -0.0274 0.1935 -0.1418 0.0037 0.2884 0.0130 0.0196 1.4940 0.0131 
2045 -0.0277 0.1935 -0.1431 0.0038 0.2884 0.0131 0.0197 1.4940 0.0132 
2046 -0.0279 0.1935 -0.1440 0.0038 0.2884 0.0131 0.0196 1.4940 0.0131 
2047 -0.0280 0.1935 -0.1447 0.0038 0.2884 0.0131 0.0195 1.4940 0.0131 
2048 -0.0281 0.1935 -0.1454 0.0038 0.2884 0.0131 0.0194 1.4940 0.0130 
2049 -0.0282 0.1935 -0.1459 0.0038 0.2884 0.0131 0.0193 1.4940 0.0129 
2050 -0.0283 0.1935 -0.1464 0.0038 0.2884 0.0130 0.0191 1.4940 0.0128 
 
 Indigen to calves  Calf crop     
Year dlnH/dlnC Elast calft-i dlnC Elast Pt-1 Elast Herdt-1 
2010 0.0000 0.1103 0.0000 0.0000 0.1263 0.0000 1.0000 0.0000 
2011 0.0000 0.1103 0.0000 0.0000 0.1263 0.0000 1.0000 0.0000 
2012 0.0000 0.1103 0.0000 0.0000 0.1263 0.0000 1.0000 0.0000 
2013 0.0000 0.1103 0.0000 0.0000 0.1263 0.0000 1.0000 0.0000 
2014 0.0000 0.1103 0.0000 0.0011 0.1263 -0.0068 1.0000 0.0019 
2015 0.0000 0.1103 0.0000 0.0012 0.1263 -0.0087 1.0000 0.0023 
2016 0.0000 0.1103 0.0000 0.0015 0.1263 -0.0108 1.0000 0.0028 
2017 0.0000 0.1103 0.0000 0.0017 0.1263 -0.0124 1.0000 0.0033 
2018 0.0000 0.1103 0.0002 0.0020 0.1263 -0.0142 1.0000 0.0038 
2019 0.0000 0.1103 0.0003 0.0030 0.1263 -0.0199 1.0000 0.0056 
2020 0.0001 0.1103 0.0005 0.0035 0.1263 -0.0234 1.0000 0.0065 
2021 0.0001 0.1103 0.0008 0.0091 0.1263 -0.0803 1.0000 0.0194 
2022 0.0001 0.1103 0.0011 0.0088 0.1263 -0.0976 1.0000 0.0213 
2023 0.0002 0.1103 0.0015 0.0093 0.1263 -0.1070 1.0000 0.0230 
2024 0.0002 0.1103 0.0020 0.0097 0.1263 -0.1118 1.0000 0.0241 
2025 0.0003 0.1103 0.0031 0.0104 0.1263 -0.1157 1.0000 0.0253 




2027 0.0006 0.1103 0.0054 0.0114 0.1263 -0.1220 1.0000 0.0270 
2028 0.0007 0.1103 0.0065 0.0117 0.1263 -0.1247 1.0000 0.0277 
2029 0.0009 0.1103 0.0077 0.0117 0.1263 -0.1262 1.0000 0.0279 
2030 0.0010 0.1103 0.0088 0.0120 0.1263 -0.1277 1.0000 0.0283 
2031 0.0011 0.1103 0.0100 0.0122 0.1263 -0.1288 1.0000 0.0287 
2032 0.0011 0.1103 0.0103 0.0124 0.1263 -0.1299 1.0000 0.0291 
2033 0.0012 0.1103 0.0107 0.0126 0.1263 -0.1306 1.0000 0.0294 
2034 0.0012 0.1103 0.0111 0.0127 0.1263 -0.1314 1.0000 0.0296 
2035 0.0013 0.1103 0.0115 0.0129 0.1263 -0.1321 1.0000 0.0298 
2036 0.0013 0.1103 0.0118 0.0130 0.1263 -0.1330 1.0000 0.0300 
2037 0.0013 0.1103 0.0120 0.0130 0.1263 -0.1339 1.0000 0.0302 
2038 0.0013 0.1103 0.0122 0.0131 0.1263 -0.1349 1.0000 0.0304 
2039 0.0014 0.1103 0.0124 0.0131 0.1263 -0.1358 1.0000 0.0306 
2040 0.0014 0.1103 0.0125 0.0132 0.1263 -0.1366 1.0000 0.0307 
2041 0.0014 0.1103 0.0127 0.0132 0.1263 -0.1376 1.0000 0.0308 
2042 0.0014 0.1103 0.0128 0.0132 0.1263 -0.1387 1.0000 0.0310 
2043 0.0014 0.1103 0.0129 0.0131 0.1263 -0.1402 1.0000 0.0311 
2044 0.0014 0.1103 0.0130 0.0129 0.1263 -0.1418 1.0000 0.0311 
2045 0.0014 0.1103 0.0131 0.0128 0.1263 -0.1431 1.0000 0.0312 
2046 0.0014 0.1103 0.0131 0.0128 0.1263 -0.1440 1.0000 0.0312 
2047 0.0014 0.1103 0.0131 0.0127 0.1263 -0.1447 1.0000 0.0313 
2048 0.0014 0.1103 0.0131 0.0127 0.1263 -0.1454 1.0000 0.0313 
2049 0.0014 0.1103 0.0131 0.0126 0.1263 -0.1459 1.0000 0.0314 
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